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FOEEWORD 


NASTRAN (NASA STRUCTURAL ANALYSIS) Is a large, comprehensive, 
nonproprietary, general purpose finite element computer code for structural 
analysis which was developed under NASA sponsorship and became available to 
the public in late 1970. It can be obtained through COSMIC (Computer Software 
Management and Information Center) , Atliens, Geoi'gia, and is widely used by 
NASA, otlier government agencies, and industry. 

NASA currently provides continuing maintenance and improvement of 
NASTRAN through a NASTRAN Systems Management Office (NSMO) located at 
Langley Research Center, Because of the widespread interest in NASTRAN, 
and finite element methods in general, NSMO organized the Seventh NASTRAN 
Users’ Colloquium held at Marshall Space Flight Center, October 4-6, 1978. 
(Papers from previous coHoquia held in 1971, 1972, 1973, 1975, 1976, and 
1977 are oublished in NASA Technical Memorandums X-2378, X-2637, X-2893, 
X-3273, X-3428, and X'-2018, respectively.) The Seventh Colloquium provides 
some comprehensive general papers on the application of finite element metliods 
in engineering, comparisons with other approaches, unique applications, pre- 
and post-processing or auxiliary programs, and new methods of analysis with 
NASTRAN. 

Individuals actively engaged in the use of finite elements or NASTRAN 
were invited to prepare papers for presentation at the colloquium. These papers 
are included in this volume. No editorial review was provided by NASA, but 
detailed instructions were provided each author to achieve reasonably consistent 
paper format and content. The opinions and data presented are the sole 
responsibility of the authors and their respective organizations. 

Cochairmen: 

Deenc J, Weidman, Manager 
NASTRAN Systems Management Office 
Langley Research Center 
Hampton, Virginia 

and 

Robert L, McComas 
Marshall Space Flight Center 
Huntsville, Alabama 
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N78-32467 

DYNAMIC STORAGE EXPANSION IN NASTRAN 
Edwin N, Hess 

Lockheed Electronics Co., Inc. 


SUMMARY 


Some functions of NASTRAN require a large block of working storage to 
execute. The method of meeting this requirement, because of insufficient data, 
has been to specify in advance an excessive amount to avoid a fatal exit. A 
method has been developed at the Lyndon B, Johnson Space Center (JSC) to calcu- 
late the amount of working space needed for the analysis and to inform the 
analyst of this data or, in the case of UNIVAC computers, to acquire this extra 
storage and continue the analysis. 


INTRODUCTION 


The design philosophy of NASTRAN dictated a completely open-ended design 
whenever possible. The use of a “"ixed dimension for large arrays was outlawed 
since this limited the size of the analysis that could be solved. Instead, 
modules were programmed to allocate space as required and to use spill logic to 
transfer data to scratch fils if working space was limited. 

The first public release of NASTRAN for the UNIVAC 1100 computers 
(level 11) assumed a limitation of direct addressing of 65,535 words. The 
HICORE system, which allowed indirect addressing of up to 262,143 words, was 
developed on level 12 NASTRAN at JSC. The UNIVAC computers were then competi- 
tive. As structures became larger and more complex, la > er amounts of storage 
are required. The amount of working space for a particular analysis has been 
left to the analyst, with disastrous results. Either there was "insufficient 
core", leading to system fatal message 3008, or more working space than that 
required was attached and computer throughput and turnaround time suffered. 

At JSC, fatal message 3008 has been changed to reflect the amount of work- 
ing space required by the offending subroutine. Going beyond this, the branch 
to message 3008 was changed to branch to increase the space dynamically, and 
continue processing. The extra working storage required by a particular 
analysis is not necessarily that required to eliminate spill logic. We have 
found that spill may be economically advantageous in regards to extra time as 
opposed to an outrageous amount of working storage. 

The subroutines mentioned will be either matrix subroutines which may be 
used by more than one module or module subroutines which are an exclusive part 
of the module. Utility and executive subroutines are not included except for 
changes necessary for the analyst's information. The term "working storage" is 
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used instead of core, and the word "problem" to mean analysis is avoided. A 
problem is encountered when an analysis fails. 


FATAL MESSAGE 3008 (ref. 1) 


System fatal messages usually consist of three parameters: 

1. The message number 

2. The data block name 

3. The subroutine name 

In the case of message 3008, the second parameter is not used, but is always 
set to zero, and the message reads: 

SYSTEM FATAL MESSAGE 3008 - INSUFFICIENT CORE FOR SUBROUTINE NNN 

Subroutine MSGWRT was altered to skip the FNAME call, which recovers the 
data block name, and the message rewritten to read: 

SYSTEM FATAL MESSAGE 3008 - MMM ADDITIONAL CORE NEEDED FOR SUBROUTINE NNN 

MODULE MODIFICATIONS 


Most module and matrix subroutines have at least one branch to message 
3008, but the majority of these are only safety valves and will not be taken if 
the working storage length is in the range of 20,000-25,000 words, which is the 
case when the UNIVAC is operating at the default core size of 65,536 words. 

McCormick and Redner (ref. 2) studied the module core requirements and 
arrived at the following categories: 

Group 0 - Modules which have no requirements of open core 

Group 1 - Modules which require space for vectors or tables which do not 
exceed eight times the number of grid points in the model and do 
not provide spill. 

Group 2 - Modules which require space for tables or matrices of variable 
size. Spill logic may be provided. 

Group 3 - Modules for which the working space requirements are established 
by one or more matrix routines. Spill logic is usually present. 

This information was used to determine which subroutines were likely to 
need additional working space. The decomposition subroutines real symmetric. 
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real unsyinnietric, and complex require the largest space. The group 2 modules 
were also studied as to the working storage required. 

Most subroutines have a preface section where file assignments and working 
space are calculated from table and matrix trailers. A calculation of working 
space is made with the result of a fatal message when insufficient. A simple 
change in these subroutines to add the second parameter in the call to subrou- 
tine message will give the analyst additioral information of core requirements 
for subsequent analysis. Most of the matrix subroutines in group 3 were modi- 
fied to state the amount of additional work’ing space required. 

Another method of calculating working storage is to read a record into 
working storage where the full record must be in core. If the number of words 
available is filled before the end of record is reached, the call to fatal 
message 3008 is taken. The following branch was added: 

1. Reset the address of storage 

2. Read the remainder of the record 

3. The number of words read on the subsequent call(s) to read is the 
amount of insufficiency 

This is necessary in modules such as TAl (subroutine TAIA). This method 
is also used in subroutine XSORT as it prepares the continuation card dic- 
tionary. A correction was made by inserting a count, from which the space 
requirements could be calculated, of the continuation cards as they were read 
on the first pass through the bulk data cards. 

Some care must be taken when using the results given by this message. On 
a large static analysis we found the following storage requirements: 


TAl 

8b, 000 

RBMG2 

90,000 

SSG3 

103,000 


TYPICAL SUBROUTINE (SDCOMP) 


Decomposition of a symmetric matrix is performed in steps by rows, The 
row under consideration is called a pivotal row. The contribution of the pivot 
row into each row of the resulting matrix is dependent upon the active (non- 
zero) column elements of that row and are combined with the corresponding 
column positions of the other rows. All computations can occur without spill 
if sufficient space is available to contain a triangular matrix whose row 
dimension is equal to the maximum number of active columns. When sufficient 
space is not available, the spill logic divides the triangular matrix into 
spill groups containing consecutive rows which will fit into the available 
space. It is expected that a reasonable compromise between time and space can 
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be realized by requesting sufficient working storage to contain a triangular 
matrix with a dimension equal to the average number of active columns. This 
scheme would allow for the majority of processing to be contained in core and 
allow spill for the larger pivotal rows (see fig. 1). 

Current preface processing of SOCOMP involves the organization of working 
storage and the determination of spill groups. Before beginning computational 
processing, statistics gathered during the preface are printed for the user's 
information. The statistics reported include: 

0 Maximum number of active columns 

0 Space required to eliminate spill 

0 Number of spill groups 

0 Average number of rows in each spill group 

Tests on a Space Shuttle analysis were made to determine the costs of 
spill to conform to available core, as shown in the following table. A 
decreasing benefit was derived after a certain point which shows eliminating 
spill is not beneficial. The figure for additional core should be that needed 
for the average column. 


Storage size total (K) 

Percent increase 

Time in SDCOMP 

Percent decrease 

65 


1520 


80 

22 

992 

53 

137* 

71 

657 

50 


^Required to eliminate spill. 

The choice of subroutine SDCOMP as being typical was made because of the 
completeness of calculating optimum working space. This same method is used in 
subroutine GENVEC, which is a slave of both real unsyinmetric and complex 
decompositions. Spill has not been calculated into requirements of any other 
subroutines at this time. 


DYNAMIC CORE ALLOCATION 


The ability to dynamically extend main storage without terminating an 
execution is available on the UNIVAC 1100 computers. This function has been 
successfully implemented at JSC, 

The calls to message 3008 were changed to call a computer dependent sub- 
routine EXPAND, reset necessary parameters, and return to the beginning of the 
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subroutine. Figure 2 shows the subroutine SOCOMP flow as regards dynamic 
expansion. 

The design requirements of subroutine EXPAND were as follows: 

0 Provide for levels of expansion 
0 Access the UNIVAC 1100 function MC0RE$ 

0 Place a limit on expansion 

0 Provide for moving the contents of reserved storage 
0 Restore the contents of reserved storage 
0 Inform the user of the expansion 

Levels of expansion were provided in case a matrix subroutine {SDCOMP) 
needed additional working storage after a module subroutine (INVPWR) had 
requested additional working storage and, as in these cases, the module sub- 
routine reserves a section of storage not available to the matrix subroutine. 
Figure 3 shows a typical map of working storage area. 

The limit on main storage is required by the addressable limit of 262,143 
or by the computer facility. 

The subroutine that requires additional working space calls EXPAND with 
the following parameters: 

0 Address of working storage 

0 Additional storage required 

0 Length of working space currently available 

0 The calling subroutine name 

An additional entry into subroutine EXPAND (SHRINK) is called before 
exiting to provide for the restoration of the contents of the reserved area to 
its original position and to reduce the level index. 

A new call to the 1100 executive (LC0RE$) was made on each reentry into 
the main Module driver subroutines XSEMii. This provided for the release of 
core to its default value following each module. 
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MODIFICATION TECHNIQUES 


Executive and Utility Modifications 

The use of the system data block (ref. 3, section 2. 4. 1,8) was expanded to 
store the following data: 

31 Current length of main storage 

35 Maximum length of main storage 

36 Default length of main storage 

57 First level length of assigned main storage 

58-61 Subsequent level lengths of assigned main storage 

Two functions were added to the computer dependent subroutine MAPFNS 
(ref. 3, section 5.4.7) to execute the executive requests to MC0RE$ and LC0RE$. 
These were labeled GETCOR and RELCOR, respecti vely. 

Subroutine MSGWRT was modified to skip the call to subroutine FNAME for 
message 3008 and to write the modified message. This change is computer 
independent. 

An additional line was placed in subroutines XSEMii to call subroutine 
RELCOR on each return from a module execution. 


Matrix and Module Subroutine Modifications 

When a call to subroutine EXPAND is necessary, all files must be closed 
before returning to the beginning of the subroutine to reexecute the preface. 
The GINO buffers will be reassigned. Care must be taken that files opened 
previously be closed without rewind and reopened without rewind. This is the 
case of the PG file in module SSGl (Static Solution Generator, Phase 1). This 
load vector file is opened in subroutine SSGl and the load vectors written by 
subroutine EXTERN for the external load vectors and by subroutine EDTL for the 
element deformation and temperature load vectors. Either EDTL or EXTERN may 
require extra storage. 

If a matrix subroutine is denied the use of a section of upper storage, 
the additional storage requested must be at least as large as the total length 
of the GINO buffers to prevent GINO error 1151 (buffer overlaps a previously 
assigned buffer). GINO will remember the address of the buffer in the reserved 
area and prohibit this area to be used as a buffer again. 
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RESULTS 


Dynamic expansion has been successfully demonstrated in static and normal 
modes analysis from the following modules and/or subroutines. These subrou- 
tines reflect the size required by the analysis by their varying needs and 
hence are calls to the prime candidates for calculating the required working 
storage and the improved message 3008: 

Module Subroutines 


READ 

INVPWR 


( SDR2C 

SDR2 

1 SDR2D 

SSGl 

EDTL 

RBMG2 

f'DCOMP 

SSG-3 

MPYAD 

XSORT 

\3vRT 


The following subroutines have hao the call to subroutine MESAGE changed 
but have not called for increased storage and are therefore untested. 


RCOVB 

TRDIA2 

AMG 

TRHT 

PARTN 

FCNTL 

TRD 

TRNSP 

TRDIA 

INVP3 


GENVEC (preface for both DECUMP and CDCOMP) 

All of the above subroutines should calculate the storage requirements and 
relay this information to the analyst on all computers. 


CONCLUDING REMARKS 


The improvement in user fatal message 3008 is a useful tool to the analyst 
and is a guide to total main storage requirements of an analysis. After this 
improvement to the message, a zero value of additional storage is an alert to 
the system programmer that the minor change in the offending subroutine is 
desirable. 
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For the sake of keeping the computer independence, it is recommended that 
a call to Lhe computer dependent subroutine EXPAND be made in all cases of 
insufficient main storage. This subroutine would then directly make the call 
to subroutine MESAGE for those computers where the insufficiency is fatal. 

All of the areas of storage insufficiency have not been discussed; others 
are anticipated as the structural models get larger and other paths through 
NASTRAN, particularly dj,namic analysis, are explored. 

Further work on the storage requirements should include earlier detection 
of insufficient size. Table trailers are sparsely used and could, in some 
cases, be used to cause an earlier demise of an analysis that has insufficient 
main storage. 


REFERENCES 
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Figure 1. — Storage Calculation With Spill Optimization fSDCOMP) - 






Figure 2. — Dynamic Expansion IVith Spill Optimia Optimization [SDCOMP) . 



ORIGINAL 


EXPANDED 



*This area, if present, must be restored to its 
original address before exiting the subroutine 
which triggered expansion. 



Figure 3. — Open Core Allocation Subroutine Any. 
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NASTRAN COMPUTER RESOURCE 
MANAGEMENT FOR THE MATRIX DECOMPOSITION MODULES 

Charles W. Bolz 
Computer Sciences Corporation 

SUMMARY 


Detailed computer resource measurements of the NASTRAN matrix decomposi- 
tion spill logic were made using a software input/output monitor. These 
measurements showed that, in general, job cost can be reduced by avoiding spill. 
The results indicated that job cost can be minimized by using dynamic memory 
management. A prototype memory management system is being implemented and 
evaluated for the CDC CYBER computer. 


INTRODUCTION 


The early large structural analysis programs were designed for second- 
generation computer systems that were severely core-limited, requiring struc- 
tural programmers to develop ingenious strategies for using mass storage to 
extend the range of solvable problems. It was for such a computer that NASTRAN 
was initially developed, and the matrix decomposition code with its efficient 
spill logic was a singular achievement in numerical analysis software. As 
NASTRAN was implemented on third generation computers which allowed multi- 
programming, such as the UNIVAC 1108 and the CDC 6000 series, it remained 
expedient to use as little central memory as possible in order to maximize over- 
all system efficiency. However, present day computers such as the CDC CYBER 175 
and the UNIVAC 1110 have very large, fast, low-cost semiconductor memories, and 
excessive mass storage usage can rapidly degrade overall system efficiency and 
increase job cost. It therefore becomes important for the user to select an 
optimum memory region size for his problem. 

In order to accurately assess the effects of memory region size on 1/0 
utilization and job cost, a software monitor was developed to measure 1/0 
volumes by file on CDC CYBER computers. Spill volume statistics were accumu- 
lated for the SDC0MP and CDC0MP matrix decomposition modules using NASTRAN 
Level 17.0.0 on the CDC CYBER 175 under the N0S 1,2 operating system. These 
statistics were interpreted using job cost accounting relations typical of CDC 
and UNIVAC systems. The results suggested that a dynamic memory management 
system designed to avoid spill would be cost effective, and a prototype system 
is being implemented on the CDC CYBER. 
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SPILL 


Matrices to be decomposed by NASTRAN are normally sparse banded matrices 
with relatively few terms away from the band. During the decomposition, it is 
desirable to have all the non-zero terms of a row, and all the non-zero terms 
of the triangular factor generated by reduction of that row, in main memory. 

If this is possible for each row, then the matrix need be read in from second- 
ary storage only once during the decomposition, and the factorized matrix 
written out. If insufficient memory is allocated, however, intermediate results 
muit be stored on spill files. Numerous passes through the spill files may be 
required to perform the decomposition. 

The matrix decomposition and spill logic is described in detail in refer- 
ences 1 and 2 . 


JOB COST ACCOUNTING ALGORITHMS 


The astute NASTRAN user interprets computer resource utilization guide- 
lines in terms of job cost, as assessed by his installation accounting algo- 
rithm. Results presented in this study are interpreted in terms of two 
accounting algorithms: one used commonly at CDC installations, and the second 

at UNIVAC sites. 

Many factors go into an accounting algorithm, but for NASTRAN execution 
only central memory used (CM), central processor-unit time (CPU), and mass 
storage input/output transfers (1/0) are important. In terms of these 
resources, the CDC accounting formula may be generalized as 


Cost = (1 + C^ CM) (C^ CPU + C 3 I/0)C^ 


and the UNIVAC relation as 


Cost = CM (C^ CPU + C 3 I/0)C^ 

where C 2 and C^ are functions of the CPU and mass transfer device speeds. The 
constant C-j Is set by the CDC N0S operating system at 0.007 per 512-word block. 
The dollar multiplier, C^, is installation dependent, so all matrix decomposi- 
tion costs presented in this study are normalized to the no-spill case. 

IBM accounting formulas vary with installation and operating system, so 
the IBM user should interpret the results presented in terms of his particular 
system. 





THE 1/0 MONITOR 


The basic utility for this study Is a software monitor which was originally 
developed by the author for analyzing the 1/0 usage of programs running under 
the CDC SC0PE operating system. The monitor decodes all 1/0 requests and 
records, by data block, the type of request and the number of physical records 
transferred between central memory and mass storage. The record is printed at 
the end of each module, as shown in Figure 1. 

As adapted for the CDC version of NASTRAN, the 1/0 monitor is called from 
XI0RTNS, which is the interface between GIN0 (General input/output) and the 
operating system (ref. 3). The monitor was validated by checking the total 
1/0 volume printed out against accounting log (dayfile) statistics for each 
NASTRAN run. Since the monitor itself occupies only 350 words of CYBER 175 
memory, and uses about 20 microseconds of central processor time per 1/0 
request, it has negligible impact on the job environment. 


THE COMPUTER RESOURCE UTILIZATION STUDY 


Complex Decomposition 


Two problems were chosen for study. The first is a complex eigenvalue 
analysis of a gas-filled, thin elastic cylinder (NASTRAN Demonstration Problem 
7-2-1 of reference 4). This case requires decomposition of an order 390 com- 
plex matrix, and can be solved by NASTRAN in a reasonable memory region only 
by using the determinant method. This particular problem was the impetus of 
the present study. When it was run on an IBM S/360-95 under the Multiple 
Variable Tasking (MVT) operating system with a memory region of 410000 bytes, 
an 1/0 timeout resulted after twenty minutes 1/0 time. When the region size 
was increased to 500000 bytes, the 1/0 time was less than five minutes. 

Computer resource requirements for this problem are shown in figure 2, and 
dramatically illustrate the effect of spill on resource utilization. As long 
as memory region size is small enough to require spill, 1/0 volume and CPU time 
are steep inverse functions of open core (scratch memory) size and job cost 
(as measured by the CDC accounting algorithm) is decreased by increasing core. 
But once sufficient open core is provided to avoid spill, CPU and 1/0 utiliza- 
tion remain constant, and job cost increases with increasing memory size. 


Real Symmetric Decomposition 


The second problem chosen is the static analysis of a long, narrow ortho- 
tropic plate, based on NASTRAN Demonstration Problem 1-4-1 of reference 4. 

This problem is useful for study because data can be readily generated for a 
broad range of grid sizes. Problem sizes ranging from 128 to 1100 active 
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columns were studied. (For a given memory region, spill is closely related to 
the number of active columns.) These were produced by grids of from 300 to 
2100 points, generating matrices of order 760 to 4990, respectively. 

A problem size of 277 average active columns, generated by a grid of 660 
points, resulting in a matrix of order 1660 was selected for detailed investi- 
gation. This problem has spill characteristics typical of large user problems 
commonly analyzed using NASTRAN. The grid is comparatively small; however for 
problems of similar spill behavior, CPU and 1/0 resource utilization are lin- 
early proportional to matrix order for a constant memory region. 

Results for this case are shown in figure 3 in non-dimensional form, nor- 
malized to the conditions at the open core size where spill is no longer re- 
quired. The outstanding feature of figure 3 is the 1/0 required by spill. At 
an open core size of 50% of that required for in-core reduction, 1/0 volume 
is seven times that required for in-core reduction. The CPU time curve illus- 
trates that, refined as the symmetric decomposition spill logic is, considerable 
computer time is used processing spill 1/0. And the cost curve shows that the 
cost penalty incurred by using more open core is more than compensated for by 
the reduced 1/0 and CPU resource requirements. 

To lend perspective, a cost curve was developed for a typical UNIVAC 1110 
system, where cost is directly proportional to memory used, and 1/0 is rela- 
tively less expensive. This curve is not as dramatic as the CDC curve, but 
still shows the importance of increasing open core to minimize spill. 


DYNAMIC MEMORY MANAGEMENT 


When matrix decomposition dominates a NASTRAN problem, the foregoing dis- 
cussion indicates that computer resource utilization can be minimized by 
requesting sufficient core to avoid spill, if possible. For typical problems, 
however, matrix decomposition is only part of the solution procedure. This is 
illustrated by the problem described in Table 1. The decomposition of the 
order 7000 matrix without spill would require a memory region of 160,000 deci- 
mal words on a CYBER 175, which is 30,000 words more than is available to a 
single program. But the decomposition step is only about 40% of the computa- 
tional effort. Another 50% of the computation can be performed in 50,000 words 
core, and the remainder in 70,000. 

This suggests that an ideal stratagem to reduce computer costs would be to 
dynamically manage memory to give each module only the core it needs. Direct 
implementation of this idea would present a formidable task - 160 NASTRAN mod- 
ules to be modified. However, the results presented in Table 1 indicate that 
most of these modules - input, sort, geometry processing, element matrix assem- 
bler and generator, etc; require a small memory region, and suggest the 
following three-phase memory management scheme. 

(1) Execution of each module is attempted in a small memory region. 
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(2) Modules which can be expected to have large memory requirements 
compute and request the needed core. 

(3) Any other module which runs out of core while executing has its 
memory region expanded to a predetermined intermediate size. 


CDC IMPLEMENTATION OF DYNAMIC MEMORY MANAGEMENT 


The dynamic memory management scheme described above is being implemented 
on the CDC CYBER 175 as follows, 

(1) The user specifies to NASTRAN an initial and a nominal memory region 
size. 

(2) Before invoking each module, the link driver (XSEM) routine calls a 
subroutine MEMMGR (memory manager) to reset the memory region to its 
initial value. 

(3) The matrix decomposition routines call MEMMGR to obtain the open 
core needed to execute without spill. If insufficient memory exists, 
all available memory is obtained. 

(4) Modules that run out of open core normally issue an error abort call 
to subroutine MESAGE. This call is intercepted by MEMMGR, the nomi- 
nal memory region is assigned, and control returned to the calling 
module. (Note that this requires that the call to MESAGE be an in- 
line call). 

This scheme is being tested using the cases of figures 1 and 2 and Table 1. 
The predicted cost savings are shown in figure 2. These cases indicate that 
dynamic memory management to avoid spill can reduce job costs significantly. 


CONCLUSION 


An input/outout monitor was developed for the CDC version of NASTRAN which 
allows detailed analysis of computer resource utilization of the matrix decom- 
position modules. This analysis shows that for typical accounting algorithms, 
job costs can be reduced by avoiding spill in the decomposition. Analysis of a 
typical problem indicates that dynamic memory management could further reduce 
overall job cost. 
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TABLE 1 


THERMAL STABILITY STUDY 


Order of Matrix = 7215 
Average Active Columns = 238 
Maximuni Active Columns = 505 
Three Spill Groups 


Operation 

CPU, seconds 

I/O, lO^PRU^^^ 

Memory Region 
{60 bit words) 

Input Processing 

49 

16 

52000 

Geometry Processing 

14 

20 

52000 

Element Matrix Processing 

140 

81 

52000 

Constraint Elimination 

183 

25 

52000 

Decomposi tion 

307 

157 

98000^^^ 

Static Solution Generation 

70 

81 

66000 

Total s 

736 

380 



(1) One PRU = Sixty-four 60 bit words 

(2) The decomposition would require 160000 words without spill 
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TABLE 2 


NASTRAN DYNAMIC MEMORY MANAGEMENT ON THE CYBER 175 
EXPECTED RESOURCE UTILIZATION AND COST SAVINGS 


Problem 

Memory Region 
(1Q3 word) 

CPU 

(seconds) 

(103pRU)(l) 

Cost Savings 
(Percent) 

Demo Problem 7-2-1 

52 

45.3 

12.4 



74 

242.8 

49.2 

2.5% 

Demo Problem 1-4-1 

52 

49.6 

34.7 



94 

66.3 

26.9 

12.7% 

Thermal Stability Study 

52 

386 

142 



66 

70 

81 



98^2) 

307 

157 

14.3% 


(1) One PRU = sixty- four 60 bit words 

(2) The decomposition would require 160,000 words without spill 
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ADDING STRESS PLOT FUNCTION TO NASTEAN 

Shunichi KaCoh 
IBM-Japan 


ABSTRACT 


Stress plot function was developed and added to the NASTR^U level 15.5, 
the latest level available at IBM-Japan. Computed stress distribution can be 
displayed by this function, with vectors showing the principal stresses of the 
finite elements over the specified portions of the structure. 

First, NASTRAN is reviewed in the aspect of plotting capabilities. Stress 
tensor field is examined in preparation of stress display. Then the stress plot 
function as added to the NASTRAN is described. A sample plotout by this func- 
tion is shown. 


PLOTTING CAPABILITIES OF NASTRAN 


There is no question that plotouts are much more effective than printouts 
for the users to grasp global state of computed results. Plotted outputs are 
often included in analysis reports, 

NASTRAN has extensive plotting capabilities. The level 15.5 can generate 
the following kinds of plot (ref. 1): 

1. Undeformed geometric projections of the structural model. 

2. Static deformations of the structural model by either displaying the 
deformed shape (alone or superimposed on the undeformed shape), or 
displaying the displacement vectors at the grid points (superimposed 
on either the deformed or undeformed shape) . 

3. Modal deformations resulting from real eigenvalue analysis by the same 
options stated in the above item, 

4. Transient deformations of the structural model by displaying either 
vectors or the deformed shape for specified points of time. 

5. X-Y graphs of transient response or frequency response. 

6. Topological displays of matrices. 

Structure plots (items 1-4) are available by either orthographic, perspec- 
tive, or stereoscopic projections. Users can specify portions of structure to 
be plotted by SET definition cards. Various parameters can be specified or de- 
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Caul ted. 


Examining the above list, we notice that, in spite of versatility of the 
NASTRAN plotting capabilitle.s , we cannot get stress distribution display, which 
is often more necessary than deformation display and is desired by many NASTRAN 
users . 

Contour plot function is reported to have been added to the current level 
NASTRAN, to which the author doesn't have access. It is useful for displaying 
a scalar field (a single-valued function over a field) such as temperature dis- 
tribution, but seems to be insufficient for a vector or tensor field such as st- 
ress distribution. After some study, the author developed the stress plot func- 
tion as will be introduced. 


STRESS TENSOR EIELD 


Stress distribution is a tensor field over a structure. And distribution 
of principal stress is a complete expression of the field. Numerically, a st- 
ress tensor at aiiy point of a structure Is described with a real symmetric ma- 
trxx in reference to an orthogonal coordinate system. The eigenvalues and the 
unit eigenvectors of the matrix are the magnitudes and the unit direction vec- 
tors of the principal stresses at the point. Let the expression "principal st- 
ress vector" mean the unit eigenvector multiplied by the corresponding eigen- 
value. Because the original matrix is completely represented by the eigenvalues 
and eigenvectors, the stress tensor is completely expressed by the principal st- 
ress vectors as defined above. 

Therefore, stress distribution can be displayed with principal stress vec- 
tors at a number of points well scattered over the structure. Solution of a fi- 
nite element structural program like NASTRAN gives us ready material for such 
display with the principal stresses at each structural element. 


THE STRESS PLOT FUNCTION 


Overview 

Ir order to assist NASTRAN users in the interpretation of output, the st- 
ress plot function was developed and added locally to the NASTRAN level 15.5 at 
IBM-Japan. It was not designed as a postprocessor but was incorporated into the 
structure plotter of the NASTRAN in order to utilize the versatile capabilities 
of the existing structure plotting routines and to make the expanded usage sim- 
ple and natural extension keeping uniformity. Any of the original capabilities 
were not deleted. 

By this function, computed stress distribution is displayed xjith principal 
stress vectors of the specified finite elements. The portion of the structure 
is drawn underlying. Computed principal stress vectors are drawn on each struc- 
tural element. 
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Stresses to be Displayed 


For the ofie-dimensional elements ROD, CONROD, TUBE and BAR, the average ax- 
ial stresses are displayed. For the two-dimensional elements TllMEM, TRPLT, 
TRIM, TRIA2, QDMEM, QDMEMl, QDMEM2, QDPLT, QUADl and QUAD2, the principal fiber 
stresses are displayed. Z1 or Z2 can be 'specified to calculate the stress at 
the corresponding fiber distance from the mid plane Cor each two-dimensional 
element that has bending stiffness. It makes possible to take the stress due to 
the bending moment ns well as the membrane stress into consideration. 

It is difficult for viewers to grasp the directions of the three principal 
stress vectors of a three-dimensional stress tensor by means of the two-dimen- 
sional display. The condition that they are mutually perpendicular is a helpful 
but insufficient information to restore the three directions uniquely. For 
three-dimensional elements TETRA, WEDGE, HEXAl and HEXA2, a convenient method is 
recommended Instead. Users attach two-dimensional elements on appropriate sides 
of three-dimensional elements, and specify the two-dimensional elements rather 
than the three-dimensional elements for plotout of stresses. If the two-dimen- 
sional elements are thin enough, their stiffness is completely neglected in the 
computation of accumulated stiffness because of the finite precision of comput- 
er arithmetic. By this technique, stresses are obtained on sides rather than 
at the centroids of the three-dimensional elements. 


Implementation 

The functional module PLOT was modified: five existing subroutines DPLOT, 
PARAM, PLOT, HEAD and DRAW in the module were modified, and two GETSTR and 
DRWSTR were added. The number of input data blocks for the module was increased 
by one. The Module Property List (MPL) and the Rigid Formats V’^ere modified ac- 
cordingly (ref. 2). The modification of Rigid Format 1 could have been expressed 
in the following form of ALTER packet in Executive Control Deck (ref. 1): 

ALTER 15 , 15 

PLOT PLTPAR,GPSETS,ELSETS,CASECC,BGPDT,EQEXIN,S1L, , ,/ 

PL0TX1/V,N,NSIL/V,N,LUSET/V,W,JUMPPL0T/V,N,PLTFLG/V,N,PFILE $ 

ALTER 123,123 

PLOT PLTPAR, GPSETS , ELSETS , CASECC , BGPDT , EQEXIN , SIL .PUGVl , ,OESl/ 

PL0TX2/V,N,NSIL/V,N,LUSET/V,N,JUlffPL0T/V,N,PLTFLG/V,N,PFILE $ 

ENDALTER 

In the new tenth position of input data block section, substituted is the 
data block OESl, which corresponds to user's request for element stress output. 
This is the source which supply computed stresses to the functional module. 


New Parameters 

Several parameters were added for use in plot request packet. They are 
listed and explained subsequently, in the same way as the existing plot parame- 
ters are in reference 1 . 
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MAiJIMUM STliESS s 


PLOT 


STATIC ] 

( deformation) 11,12..." 



MODAL I 

[STIiESS J 



transient] 



. . . [PENS C,c] . . . 


Zl] . 

.22 


. . . [MAXIMUM STRESS s] ... , 


MAXIMUM STRESS card is Interpreted by the modified PARAM subroutine. It 
must always be included if stress is to be plotted. The value of s represents 
the length to which the maximum absolute principal stress is scaled in each sub- 
case. It must be specified in units of structure. This card for stress plot 
corresponds to the MAXIMUM DEFORMATION cord for deformation plot. 

New parameters in expanded PLOT logical card are interpreted by the modifi- 
ed PLOT subroutine. 


Non-cerc integers following the new keyword STRESS refer to subcases that 
are to be plotted. Zero to request underlying drawings is not used in stress 
plot request because stress plot always includes underlying drawings. 

Real number following the keywords MAXIMUM STRESS is used as the maximum 
principal stress value in scaling the stress vectors for all subcases. Each 
subcase is separately scaled according its own maximum if this Item is absent. 
This parameter in PLOT card for stress plot corresponds to the MAXIMUM DEFORMA- 
TION parameter in PLOT card for deformation plot. 

'iVo integers following the ke>nvord PENS identify pens to be used to draw 

tensile and compressive principal stress vectors respectively. Pen selection 
had been activated for our plotter routine before. Pen 1 is always used for 
underlying drawings, 

Z1 and Z2 select fiber distances from the mid planes of two-dimensional 
elements that have bending stiffness, where stresses are to be calculated. 


Headings 

For a frame of stress plot, in the bottom line "STATIC STRESS ,,, "is 
written instead of "STATIC DEFOR. ... ". In the top line "MAX-STR." with the 
maximum absolute principal stress value is written instead of "MAX-DEF." with 
the maximum absolute component of deformation. These are done by the modified 
HEAD subroutine. 


Underlying Drawings 

Underlying drawings of structures for stress plots are written by the modi- 
fied DRAW subroutine like those for deformation plots. Therefore, parameters 
applicable to underlying drawings are common. 
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Plot ol Principal Str'ess Vectors 


Computed principal stresses are fetched and plotted by the added subrou- 
tines CETSTR and DRWSTU under control of the modified PLOT subroutine, A prin- 
cipal stress vector is plotted in the shape of an arrow having heads at both 
ends. The arrow is located so that the middle point of tlie shaft expediently 
coincides with tl\e gravity center of the vertices of tlie finite element. The 
direction of the arrow is chat of Llie principal stress. The length of the shaft 
is proportionate to the magnitude oi tlie principal stress. The size of the 
heads is also pro[)ort lonate . 

The heads aie outward if tlie principal stress is tensile, and Inward if 
compressive. Heads are drawn not as triangles but as trapezoids in order to 
avoid indisLincLness oi positions of the apexes of triangles when plotted. It 
is well known that a shaft looks to have different length if triangular heads 
are attached in two ways, outward and inward for comparison. To avoid this op- 
tical illusion, outward heads are drawn slender, and inward ones flat. When the 
absolute values of tension and compression are equal, the outward and the Inward 
heads with equal areas liave their centroids equally apart from the connecting 
points Vt/ith the shafts. 


Projection 

Stress arrows are projected orthographically or perspecCively along with 
underlying drawings. 

Upon request, projected sizes of arrows can be retained to be proportionate 
to tlie magnitudes of principal stresses as before projection. Then users can 
compare magnitudes of principal stresses by measuring the projected sizes. For 
natural appearances viewing parameters should be so specified as the projection 
plane does nut make large angles against significant principal stresses. 


SAMPLE 


Figure 1 was drawn by the stress plot function. kelated part of the plot 
request packet was as follows: 


OUTj’UT(PLUT) 
SET i ALL 


PERSPECTIVE PROJECTION 
MLXIMUM .STRESS 10.0 
VIEW 0.0 ^5.0 0,0 
FIND SCALE SET 1 ORiC 1 

PLOT STATIC STRESS 3 SET 1 Z1 ORIG i PENS 2,3 

Pen i (black) was used for headings and underlying drawings. Pen 2 (blue) 
fur tensile principal stresses, and Pen 3 (I’ed) for compressive ones. 


29 



CONCLUDING REMARIiS 


Utilizing existing capabilities of the NASTRAN structure plotter, stress 
plot function was developed and incorporated into the NASTRAN level 15.5 witli 
relatively little effort. But it provides effective means for us to grasp glo- 
bal state of computed results. 
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TYPICAL USES OF NASTRAN IM A PETROCHEMICAL INDUSTRY 

J. Ronald Winter 
Tennessee Eastman Company 


OBJECTIVE 


The two major objectives ol; this report are (1) to present a summary of 
the typical uses of NASTRAN in a petrochemical industry and (2) to describe 
the unique environment in which the program is used at the Tennessee Eastman 
Company (TEC) . 


BACKGROUND 


NASTRAN is principally used at TEC to perform failure analysis and 
redesign process equipment. In addition, it is employed in the evaluation of 
vendor designs and proposed design modifications to existing process equipment. 
Its direct usage as a design tool is quite limited at this time, but I feel 
confident that th^” area of usage will grow in the future. 

NASTRAN usage as a failure analysis tool is not unique, but its usage for 
this purpose in a production environment with primary emphasis on minlml 2 ing 
lost production due to mechanical/structural failures is probably unique. Its 
use in this way means that solutions to sometimes quite difficult problems must 
be obtained in relatively short periods of time. This often entails the use of 
models with much coarser mesh networks than would normally be desired if more 
time was available. However, we have found that even with the use of rela- 
tively coarse models one can obtain satisfactory results in a minimal length of 
time. In any event, the results obtained are generally superior to those 
obtained by hasty, error prone hand calculations that usually require numerous 
simplifying assumptions if a solution is to be obtained in the desired time 
frame . 

We also use NASTRAN on some relatively small problems simply because the 
rigid formats available in NASTRAN allow one to perform several different types 
of analyses using essentially the same model. For instance, there are numerous 
cases where a stress analysis (Rigid For.nats 1 or 2) , a heat transfer analysis 
(Rigid Formats 1, 3 or 9) and a dynamic analysis (Rigid Formats 3, 8, 9, or 11) 
are required to insure the complete structural adequacy of a redesigned compo- 
nent. In these cases we find this procedure more efficient and more economical 
than performing the associated solutions via classical mechanics methods. 
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DISCUSSION 


In tills pnpei' thoci’ will be no Jittompt to give "detailed" descriptions of 
any partioiilnr model or tlie results. In general, theru will be a brief 
description of several problems and the associated models, the type analyses 
performed on the models, a summary of the results and conclusions, and typical 
undeformed and deformed plots. Photos of some failures will also be included. 
Some tynlcal process eciulpment tliat has been analyzed via NASTRAN are listed 
below . 



Table 1: Analyses 

Discus.sed in This Paper 



Description 

Type Analyses 

Rigid 

Formats 

(1) 

Large Forced Draft Fan 

Static, Inertial Relief 

1,2 

(21 

Distillation Trays 
(Orthogonally Stiffened 
Plates) 

Static, Normal Mode 

1 

(3) 

Steel Stacks (Cliimneys) 

Static, Normal Node, 
Frequency Response, buckling 

1,3, 5. 8 

(^0 

Large Jacketed Pipe 
Sys terns 

Static 

1 

(5) 

Heat Exciwangers 

Static, Heat Transfer 

1 


(Shell & Tube with Single 
and Double Tube Sheets) 


(6) 

Large Centrifugal Fans 

Static, Normal Mode 

1.3 

(7) 

Agitator Support 
Structures 

Static 

1 


Table 2; Analyses 

Not Discussed in This Paper 



Description 

Type Analyses 

Rigid 

Formats 

(1) 

Bimetallic Junctions 

Static 

1 

(2) 

Fan-Motor Shaft I’allures 

Normal Mode 

3 

(3) 

Sigma Blade Mixers 

Static 

1 
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(-^0 

Orthogonally Stiffened 
Flat Meads 

Static 

1 

(5) 

Analysis of Pipe Systems 

Static, Normal Mode, Forced 
Response, Frequency Response 

1,3, 8, 9 

(6) 

Frames and Trusses 

Static, Buckling 

1,5 

(7) 

Storage Silos 

Static, Buckling 

1,5 

(8) 

Large Dryers/Blenders 

Static 

1 

(9) 

Pres. sure Vessels 

Static 

1 

(10) 

Shells Associated Witli 
Combustion Chambers 

Static 

1 

(11) 

Plastic Vessels 

Static 

1 

(12) 

Cyclones 

Static, Normal Mode 

1,3 

(13) 

Extruders 

Static 

1 


Discussion 

of Analysis Listed in Table 1 

(1) 

Forced Draft Fan Failure 


During atLenipts to balance a large forced draft fan, the unit disintegrated 
at a rotational speed of ~ 900 rpm (15 Hz) . The normal operating speed for 
this unit is 1200 rpiii (20 Hz) . See Figures 1, 2, and 3 for photos of a typical 
forced draft fan and the debris from this failure. 

Initially it was impossible to detennlne from the resulting debris what 
caused the failure. Several theories were postulated, but there was insuffi- 
cient proof to substantiate any particular theory. This led to a NASTRAN 
analysis in an effort to prove or disprove several postulated sequences of 
events that could have resulted in the same failuire. The NASTRAN model is 
show! in Figure 4. Rigid formats ] (static analysis) and 2 (static analysis 
witli Inertial relief) were employed. The results iiidicated that the highest 
stress levels v,rere at the ends of each blade and not in the outer rings. But 
the levels were not sufficiently high to cause failure in the absence of a 
defect (crack, poor weld, etc.). This led Co a careful reexamination of the 
blades (see Figure 2) . This inspection revealed that blades made by two 
different manufacturers v,rei-e employed.* The inspection also revealed that only 
the blades of a welded construction had broken while the formed blades had not. 


*A1 though the use of two different blade designs on the same fan is not 
desirable, this was found to be a common practice. 
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Detailed iiispectloii of the ends of the broken blades revealed extremely poor 
welding (see Figure 3). Tlie major weld defect was classified as lack of 
penetration. Of course, other weld defects such as porosity, undercutting, 
etc., were also present but wore not of such a severe natinre, Wlien the 
resulting NASTRAN stress levels at the ends of the blades were multiplied by 
the applicable stress concentration factor, tlie stress levels were more than 
sufficient to cause failure. Subsequently, several runs v\>ere made to investi- 
gate the loads assuming one or more blades lind broken. These results indicated 
that the failure pattern would be similar to that indicated by the debris. 


(2) Distillation Trays (Orthogonally Stiffened Plates) 

A distillation tray essentially consists of a thin plate supported by 
beams. A typical distillation tray is shown in Figure 5. Numerous failures 
have been encountered with such trays. The failures have been attributed to: 

(1) Fatigue associated v^^ith normal process pulsations (Figure 6). 

(2) Resonant or near resonant conditions. 

(3) Large pressure pulses due to process upsets, start-ups, etc. 

Flashing is a common problem (Figures 7 and 8) . 

(^t) Corrosion (general attack and specific types of attack, e.g., stress 
corrosion) . 

NASTRAN analyses have essentially eliminated the first two failure 
mechanisms and has aided us in designing/specifying trays that are more 
resistant to minor pressure pulses. NASTRAN is also used to evaluate vendor 
tray designs especially if an unusual design is submitted or if the particular 
design is used in a critical application. 

Typical troy models are shown in Figures 9 and 10. Typical plots of the 
first and second modes are shomi in Figures 11 and 12. 


(3) Metal Stack Analysis 

Due to potential pollution problems, it was desired to add a 15.2^ meter 
(50 ft.) extension to an existing 30.48 meter (100 ft.) stack. The existing 
oil fired boiler stack is shov^m in Figures 13 and 14. Due to potential vortex 
shedding problems, an analysis was requested. The resulting NASTRAN model is 
shovm in Figure 15. A NASTRAN modal analysis showed that a resonant condition 
\>/ould occur due to vortex shedding at moderate to high wind velocities which 
were typical in the particular region. See Figure 16 for the first bending 
mode. A static analysis also revealed that the foundation loads were far too 
large. Additional analyses revealed that the stack would encounter an ovaliiig 
resonant condition at high wind velocities. Thus, it was sho™ that the 
desired corrective action would require the installation of new stacks. 
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(4) Jacketed Pipe Analysis 


In many situations in a petrochemical plant it is necessary to maintain 
the temperature of a product in a pipeline to prevent solidification. The use 
of jacketed pipe (steam in the external pipe, process material in the inner 
pipe) is often used to achieve this result. In these cases the internal pipe 
is typically a 300 series stainless steel while the outer pipe (steam jacket) 

Is carbon steel. Due to the temperature difference between the inner and outer 
pipes and the. fact that their ther-mal coefficients of expansions are quite 
different one can encounter large differential thermal expansions. As a result 
of these conditions, we have encountered numerous failures with this type of 
pipeline in the past. NASTRAN, with the MTC/rigid element capability, is 
ideally suited for "rapid" analysis of these type pipelines. A typical pipeline 
model is shomi in Figure 17. The results of a NASTRAN analysis of a vendor's 
design before and after the implementation of modifications based on NASTRAN 
analyses is shown iii Figures 18 and 19 . The NASTRAN analyses of several lines 
led to the development of a set of general jacketed pipe design guidelines to 
be used by engineers and draftsmen. These layout guidelines have virtually 
eliminated failures in this type pipeline. 


(5) Heat Exchangers 

The failure of the tube sheet/flange assembly of several vendor designed 
heat exchangers led to a NASTRAN analysis. The typical failures encountered in 
this case are sho\-m in Figures 20 and 21. The associated finite element models 
are shorn in Figures 22 and 23. The NASTRAN analysis readily showed that 
differential radial thermal expansion was the major cause of failure (see 
Figure 2^). However, differential thermal expansion between the tubes and shell 
wail also contributed to the problem. The units were redesigned based on the 
NASTIUVN results. 


(6) Large Centrifugal Fan 

The development of cracks in the large centrifugal fan sho^m in Figure 25 
led to the development of a NASTRAN model of a portion of the fan. The basic 
model is sIioto in Figure 26. As expected, the static analysis shoxjed that the 
highest stress levels were in the region x.7here the cracks had appeared. 

However, the stress levels were not sufficiently high to cause fatigue cracks 
to develop in the applicable time frame. This led to a modal (real eigenvalue) 
analysis. These results revealed the true culprit. A panel natural frequency 
existed relatively close to a normal operating frequency. The applicable mode 
shape is shox^m in Figure 27. Since the panel frequency xvas just below the 
normal operating frequency, it was established that the fan was being seriously 
viamaged during each start-up and shutdown. Until a nexj fan could be built, it 
was recommended that the fan be allowed to run continuously if possible. It 
was later established that due to process problems and bearing problems the 
unit had been started and stopped numerous times during the period before the 
cracks were discovered. 
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The NASTRAN analysis established the cause of the failure and served as 
the basis for designing a new fan.. The model was also used to modify the 
original fan which now serves as a back-up. 


(7) Agitator Support Structures 

Inadequate structural supports for large agitators have been diagnosed via 
NASTRAN analysis to be the cause of severe shaft wear, premature bearing 
failures and cracking of the agitator housings. This problem was resulting in 
unusually high maintenance costs. As a result of the.se analyses, a new design 
procedure which accounts for dynamic effects has been developed. A typical 
model of an agitator support system is sho^vnn in Figure 28. 


CLOSING COMMENTS 


From the previously discus.sed typical uses of NASTRAN, it should be 
evident that our use of the program is quite broad. Wa have found NASTRAN to 
be the only diversified tool presently available which allows the user to deal 
with a very wide variety of difficult problems in a relatively short period of 
time. Needless to say, we are very dependent on the capabilities available in 
this program. 
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FIGURE 9: TYPICAL MODEL OF A LARGE DIAMETER DISTILLAIION TRAY 
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FIGURE 10; TYPICAL MODEL OF A SMALLER DISTILLATION TRAY 



FIGURE 11: FIRST MODE OF A DISTILLATION TRAY 



FIGURE 12: SECOND MODE OF A DISTILLATION TRAY 
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FIGURE 15: BASIC NASTRAN STACK MODEL 




FIGURE 17: TYPICAE MODEL OP JACKETED PIPE SYSTEM 
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FIGURE 18; RESULTS FROM ANALYSIS OF DESIGN SUBMITTED BY VENDOR 
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FIGURE 19; RESULTS AFTER MAKING REVISIONS BASED ON NASTRAN ANALYSIS 




PIGlfEE 20; TYPICAL FAILURE IN A HEAT EXCMMGER ' 
(NOTE: CRACK HAS ' PaOGRlSSED INTO 










FIGURE 23: TYPICAL MODEL OF A DOUBLE TUBE SHEET ASSEMBLY 











FTGU15E 26: MODEU OK ONE PANEL OF THE CENTRIFUGAL FAN 
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USE OF NASTRM IN A UNIVERSITY ENVIRONMENT 
Chuh Mei 

University of Missouri - Rolla 


SUMMARY 


The heavy use of NASTRAN here and abroad has demonstrated its value as a 
resource for structural and heat transfer analyses. This paper brings another 
view of NASTRAN as an educational and research tool in a university. A survey 
was conducted in the middle of the 1977-78 school year. Each faculty member of 
the civil engineering, engineering mechanics, and mechanical and aerospace 
engineering departments was asked to give information on the present (Level 15.5) 
and future projected (Level 17) usage of NASTRAN program. Results from the 
survey study are summarized in this paper. 


WIDE ACCEPTANCE FROM INDUSTRIES 


The NASTRAN systems management office surveyed the user group in May J974. 
At that time 2300 users and 5200 CPU hours per month computer time on various 
NASTRAN activities were reported (ref. 1). These numbers are probably conser- 
vative, since not all users responded and not all users got the questionnaire. 
Besides, many small engineering companies run their NASTRAN jobs through the 
CDC/CYBERNET or Sperry UNIVAC systems. They find Chat it is more economical 
and also more convenient. Wide acceptance of the program from the industry has 
been observed, and the user community is steadily growing. 


IN AN EDUCATIONAL INSTITUTE 


One interesting result from the 1974 survey xaas the large number of non- 
aerospace users. They account for more than 75 percent of the total computer 
use. This specific non-aerospace group consists of computer and engineering 
consulting companies, automobile and manufacturing industries, universities, 
etc. However, very little information on NASTRAN use was reported from academic 
institutions. Wilkinson discussed his experiences with Incorporation NASTRAN as 
a teaching tool in undergraduate courses at Louisiana Tech University (ref. 2). 
He found that most students tend to be overwhelmed by the magnitude and bulk of 
the NASTRAN user's manual. He proposed that a "Mini-Manual" be made available 
which describes the essential steps for setting up a NASTRAN job. This has been 
accomplished by the release of a "Condensed Form of NASTRAN" (ref. 3) . It is 
specifically designed for university instructions and short courses. A more 
general view of NASTRAN in several of the university's educational and research 
programs at Rolla campus is presented in this paper. 
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THE SURVEY 


A survey was conducted in several departments of the school of engineering 
at the end of Fall semester 1977. A questionnaire was sent to each faculty 
member of the civil engineering, engineering mechanics, and mechanical and 
aerospace engineering departments. The purpose was to gather information on the 
usage of NASTRAN programs (Level 15.5) in the school of engineering so that a 
conclusion could be reached on whether or not to recommend to the office of 
computing activities the leasing of Level 17 NASTRAN. Responses were obtained 
from 27 faculty members. The questions being asked were: 

1) Courses presently using NASTRAN. 

2) Number of graduate students using the program in their theses. 

3) Research projects using NASTRAN. 

4) Will use Level 17 in courses and/or research work. 

The results are presented in the following section. 


FINDINGS 


NASTRAN program has been incorporated in twelve undergraduate and graduate 
courses as a supplemental teaching tool. Those courses are: 


AE 253 Aerospace Structures 

AE 351 Intermediate Aerospace Structures 


CE 

CE 


425 

428 


Finite Element Application in Structural Design 
Matrix Methods of Structur£il Analysis 


EMe 300 Vibration Experiments 

EMe 361 Theory of Vibrations 

EMe 401 Advanced Topics in Engineering Mechanics 
EMe 405 Numerical Methods of Mechanics 
EMe 431 Theory of Plates 

EMe 432 Theory of Shells 


MeAE 300 Special Problems 

MeAS 407 Advanced Mechanical Vibrations 


Course numbers 399 and below are basically designated for undergraduates, 
and, 400 and above for graduate courses. Instructors have learned from experi- 
ence that students with very little computerised structures background are able 
to readily grasp the program's logic and begin solving realistic problems. 

This is due to the fact that the program is user oriented with easy input and 
extensive error checks. Faculty members also indicated interest in using 
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NASTRy\N in thirteen other courses. 


The program is also being used as a “.irfarch tool for graduate students on 
their thesis work, and for faculty mernbers on various research projects. 
Thirteen M.S. and Ph.D. theses have usea NASTllAN for some part of their 
analysis. The research problems covered a broad range of engineering areas. 
Following are examples of research topics: 

Interactive Graphics 

Analysis of Power Plant Piping Systems 
Nonlinear Analysis of Reinforced Concrete Beams 
Vibrations of an Airplane Wing 
Stress Concentration Factors in Gears 
Fracture Analysis of Rocks 

Buckling of Cold-Rolled Steel Thin-Wall Structures 

Research grants utilizing NASTR^UM computations, totaling in excess of 
$250 K, are currently pending. Faculty members were unanimously in favor of 
the acquisition of Level 17 NASTRAN instead ■■i the "Condensed Version". 
Considering the extensive use oE NASTRAN by both faculty and students, the 
choice is obvious. Also, those students with experience using finite element 
methods and NASTRiVN are enjoying a high level of interest from interviev;ers . 


CONCLUDING REMARKS 


NASTRAN program has a sign IE leant 
education and research programs. They 
with the following observations: 

1. Supplemental teaching tool in 
courses . 

2. Graduate students use NASTRAN 

3. Use in research contracts and 
coraputa tion . 


effect on several of the university’s 
have been described and can be summed up 

many mechanics and structural 

in their theses, 
projects involving NASTRAN 


4. Faculty i.n favor of Level 17 instead of the "Condensed Version". 


5, Some experience with NASTRAN is a definite plus for students 
seeking employment. 
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NASTRAN 

FINITE ELEMENT ANALYSIS ACTIVITY AT NORTHROP 

Svelnn Thordarson 
Northrop Corporation 


SUMMARY 


This paper briefly summarizes the NASTRAN-related internal loads support 
activity at the Aircraft Group of the Northrop Corporation, Finite Element 
Analysis, in the present form, started at the Aircraft Group in the late six- 
ties. NASTRAN was selected as the primary finite element tool for static 
analysis in 1972. Extensive pre- and postprocessing programs have been 
brought on-line since then to facilitate handling of the massive input and 
output data for the program. 

In-house evaluation of the various analytical capabilities of the MSC 
version of NASTRAN, prior to production release, is a continuous effort. The 
NASTRAN superelement and subsonic aero features are presently being tested 
and brought on-line for production use. 

Two examples of recent NASTRAN structural solutions are also presented in 
this paper. 


INTRODUCTION 


Finite Element Analysis in the structural analyses groups at Northrop 
started in the late nineteen sixties with the in-house developed NORAN Pro- 
gram. This program, although offering a good element library and relatively 
fast solution time, suffered from a lack of user-oriented features. Conse- 
quently, a changeover to Level 15 of COSMIC NASTRAN was made in 1972. 

The MacNeal-Schwendler Corporation (MSC) version of NASTRAN was adopted 
as the standard finite element program of the Aircraft Division in 1974. It 
has yielded significant improvements in accuracy, user-oriented features, 
increased capability for larger more complex solutions, and reduced modeling 
and running times. 

The responsibility for NASTRAN within the Aircraft Group resides in the 
Advanced Structural Computer Methods group (ASCM) . The core of the effort 
involves the NASTRAN Utilization Improvement effort initiated in 1975 to pro- 
vide interactive graphics programs in support of production analyses. 

The ASCM group, in addition, provides program assistance, in-house train- 
ing and documentation for the NASTRAN users at Northrop. Key members of the 
Group also reside in the major stress groups to ensure timely interaction 
between the NASTRAN production and developr.rnt effort. 
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COMPUTER GRAPHICS 


Northrop embarked on an extensive pre- and postprocessor interactive 
grapliica development in 1975 in support of the NASTRAN analyses. This task is 
being performed in three phases. 


Phase I - Geometry 

A series of programs was written to define the geometi.'y of major airplane 
structural components using parametric cubics (P.C.'s), splines and Coon's 
patches (fig. 1). These components are then cut at the required stations and 
the contours interfaced with programs in Phase II and Phase III. Digitizing 
programs were also developed which allow grid points to be directly digitized 
from blueprints and curve-fitted into loft lines (fig. 2). 


Phase II - Preprocessors 

The loft lines, P.C. cross-section cuts or GRID points are passed into the 
GEN3D program in Phase II for NASTRAN grid and element generation. This pro- 
gram is flexible enough to give the user complete control i f very complex 
models and to take advantage of repeated sets of geometry patterns. The models 
thus generated may then be plotted on a Tektronix AOIA using such features as 
ZOOM, LABEL (element and grids), 3D rotation MOVE, SLICE, THICKKESS and AREA 
of elements for verification (fig. 3 and 4). A limited capability for generat- 
ing property cards for the elements is also available. An added feature is the 
ability to use the 3D P.C. geometry from Phase I to calculate the area and vol- 
ume of a fuel tank and also automatically generate pressure load cards for var- 
ious fuel heads and acceleration vectors (fig. 5). 


Phase III - Postprocessors 

The analytical results from NASTRAN are stored for postprocessing. 

Stresses and strains can be recovered at any arbitrary angle, running loads 
computed, and a min-max search performed. Selected results are then printed in 
report format. The postprocessed data can also be plotted, superimposed on the 
structural plots, by the POSTPLOT Program. These plots can be displayed in 
either vector or alphanumeric form (fig. 5), 

NASTRAN TESTING 


All major analysis features of NASTRAN are tested by the ASCM group prior 
to their introduction into the analysis process. 

Extensive evaluation of the MSC NASTRAN Superelement Analysis features has 
been concluded recently. This evaluation, in preparation for new major inter- 
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nal loads analysis work, shows substantial savings in computer costs and re- 
duced turnaround time for analysis of large structurCwS, 

The evaluation of subsonic aeroelastic analyse^j using NASTRAN was initia- 
ted in 1978, Results to date indicate a very good correlation with previous 
flutter analyses conducted using in-house programs. Again, significant time 
savings are indicated, both within NASTRAN and from using strucrural models 
common to the static analyses. 


PRODUCTION SUPPORT ACTIVITY 


The Advanced Structural Computer Methods group serves as a pool of spe- 
cialized NASTRAN talent in support of the production effort, in addition to 
the development work. Key Group engineers are also assigned to the major pro- 
duction programs, where they are responsible for the NASTRAN model development 
and internal loads generation in support of stress analyses. 


FUTURE DEVELOPMENT EFFORT 


In conjunction with other groups at Northrop, the ASCM group is studying 
a data base systen. which will provide a basis for an integrated computerized 
structural analysis system. A greatly enhanced geometry handling capability 
Is evolving around parametric cubics. Other finite element methods in and out- 
side of NASTRAN are also being reviewed. These include nonlinear approaches, 
optimization through fully-stressed design, and aeroelastic/f luttcr analysis. 


NASTRAN ANALYSIS EXAMPLES 


T-38 Local Model 

A detailed (fine mesh) model of a T-38 wing lower skin was incorporated 
into a three substructure wing model in the vicinity of the root rib, rear spar 
intersection. This detail was generated to obtain very accurate stress levels 
and gradients for fracture and fatigue analyses (fig. 7 and 8). 


Flutter Analysis 

Flutter analysis using a vertical stabilizer supported by a general ele- 
ment was conducted using the NASTRAN Subsonic Aeroelastic package. The re- 
sults compare well with the previous flutter analyses using in-house programs. 
The single submittal N\STRAN process provided significant improvements in cal- 
endar time and computer CPU time (fig. 9). 
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CONCLUSIONS 


Tlie clediciJtecI NASTRAN support at Nortlirop luiis of fectlvoly moved tlic struc- 
tural analysis groups along the NASTIOXN learning curve. Significant reductions 
in internal loads analysis time have been clomonstratecl as the result of the 
pre- and postprocessor development and NASTRAN user support (fig. 10). 

The increasingly tighter development schedules for nG\>? aircraft projects 
dictate still Faster and more efficient analysis processes in the future. 
Greater dotails in modeling and new analysis teclmiques yielding more accurate 
solutions are also required to satisfy future design criteria In the field of 
static, fracture, and dynamic analyses. 
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ADVANCED STRUCTURAL COMPUTER METHODS 


MASTRAN SUPPORT ACTIVITY 


SYSTBI SUPPORT BY NORTHROP DATA PROCESSING 

NASTRAM UTILIZATION IMPROVB1ENT GROUP 

0 PROVIDES EFFECTIVE WASTRAiT PRODUCTION SUPPORT 
0 IS RESPONSIBLE FOR PRODUCTION MODELS 
0 PROVIDES INTERACTIVE GRAPHICS SUPPORT 
PRE PROCESSORS 
POST PROCESSORS 

0 TESTS AND EVALUATES NASTRA.N FEATURES 

0 GENEPJITES NASTPJIN IN-HOUSE DOCUMENTATION 

0 PROVIDES NASTPVIN IN-HOUSE TRAINING 

0 PROVIDES NASTRAN ASSISTANCE TO PRODUCTION 
STRESS GROUP ON COMPLEX NASTPvAN SOLUTIONS 

0 PUNS FOR INTEGPTITED STRUCTURAL ANALYSIS 



ADVANCED STRUCTURAL COMPUTER METHODS 


NORTHROP CCRPOP^ATION 
AI RCRAFT GROUP 

FINITE ELEf€NT ANALYSIS ACTIVITY 


HISTORY 

0 PRE FINITE ELEMENT PR06PV\MS 

0 1969 - NORAN IN-HOUSE FINITE ELEMENT PROGPvAM 

0 1972 - NASTRAN COSMIC LEVEL 15 

0 1973 - NASTRAN COSMIC LEVEL 15.5 

0 197A - MSC NASTRAN 

0 1978 - MSC NASTRAN 38 TO A6 

0 UP TO 1000 JOB SUBMITTALS PER MONTH 

WHY MSC NASTRAN? 

0 CPU TIME IMPROVEMENT 
0 IMPROVED FEATURES 
0 FREQUENT UPDATES 
0 PROXIMITY OF MSC 
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nODEL GENERATION 
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PAKA^IETRIC CUBICS (P.C.) LOADS APPLICATIONS 


FUEL TANK LOADS 



EXAMPLE : F-J 8 FUEL TANK 

0 VERY COMPLEX NASTRAN MODEL INPUT 
0 EXTERNALLY SURFACED BY P . C . ' s 
0 APPLIED LOAD FACTOR IN ANY DIRECTION) 
0 DETERMINES FREE FUEL SURFACE 
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DEVELOPMENT OF STRUCTURAL 


DYNAMIC TEST ENVIRONMENTS 


FOR SUBSYSTEMS AND COMPONENTS 


Robert J. 
Goddard Space 


Coladonato 
Flight Center 


SUMMARY 


Structural dynamic environmental test levels were 
developed £or the Thematic Mapper instrument, components of the 
Tandberg-Hanssen instrument, and components of the 
International Ultraviolet Explorer (lUE) spacecraft using 
NASTRAN structural models and test data. Both static and 
dynamic NASTRAN analyses were used. The model size required 
could be as small as 300 degrees of freedom for the static 
analysis and as large as '000 degrees of freedom or more for 
the high frequency dyns;- . analysis. An important step in the 
development of the levels is model verification by test. The 
launch environments that generally dictate many important 
features of the design of an instrument or component are steady 
state acceleration, sinusoidal vibration, and random vibration. 
These are the environments that the analyst should examine 
closely when determining the appropriate test levels. 


INTRODUCTION 


Instruments and components that are designed for aerospace 
applications must function satisfactorily after being exposed 
to the launch environment. In order to gain a high level of 
confidence that the instrument will function satisfactorily 
after launch, the instrument is subjected to testing which 
attempts to simulate the conditions produced by the launch. 

The principal types of structural/dynamic testing used are 
sinusoidal vibration, random vibration, acoustic noise, shock, 
and steady state acceleration. These environments are normally 
defined or specified at the spacecraft level and the 
environmental test levels for the instrument typically have to 
be determined through test and/or analysis. These levels are 
influenced by the dynamic characteristics of the spacecraft. 
Once the test levels for the instrument are established, one 
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can proceed one more step and generate the test levels Cor 
components mounted within the instrument. The test levels for 
the components are then a function of the dynamic 
characteristics of the instrument. Figure 1 provides a typical 
environmental test and analysis plan. 

The test levels for the instrument or components can be 
determined by performing the appropriate analysis using NASTRAN 
structural models. Alternately, test levels can also be 
established from actual test data obtained during spacecraft 
system testing of the hardware. However, in most cases, 
testing o'- the spacecraft hardware does not occur until 
sometime af'.ec the design levels have been established for the 
instrument o" component. When test data are available, 
however, they are used to evaluate the test levels that have 
been previously determined through analysis and these levels 
are updated or modified as deemed necessary. The test data 
should also be used to examine the veracity of the NASTRAN 
model. An attempt should always be made to achieve good 
correlation between model predictions and actual test data. 


NASTRAN MODELS 


Model Size 

The size of the NASTRAN model that is required in terms of 
degrees of freedom is dependent upon the type of analysis that 
one is performing. The analysis can be divided into two 
general types, static analysis and dynamic analysis. Static 
analysis is used to simulate the steady state acceleration 
condition while dynamic analysis is used to simulate sinusoidal 
vibration, random vibration, acoustic noise and shock. For 
static analysis a NASTRAN model size of between 300 and 500 
degrees of freedom is normally adequate for determining 
critical loads for most instruments. However, if one wishes to 
determine stresses in sensitive areas of the instrument, a more 
detailed model may be required. The problem with a detailed 
model is that it takes a long time to generate and then it 
takes a long time to run on the computer. A preferred 
technique for static analysis is to determine the critical 
loads from the smaller 300 to 500 degree of freedom model and 
then perform a detailed hand calculated stress analysis of the 
parts that are most sensitive. 
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For dynamic analysis the size of the model required 
depends upon the particular environment that is being 
simulated. Sinusoidal vibration test specifications cover 
frequencies up to 200 Hertz (Hz), and a model of between 300 
and 500 degrees of freedom for an instrument is usually 
adequate. Random vibration specifications contain frequencies 
up to 2000 Hz and shock contains frequencies up to 4000 Hz, 

For these environments, a much more detailed model is 
necessary, possibly 2000 to 3000 degrees of freedom or more. 

The larger detail is necessary to provide confidence that the 
high frequency modes are realistically represented. 

Acoustic noise contains frequencies up to 10,000 Hz and 
would require an extremely detailed model for accurate 
predictions. Acoustic noise is also a very complex environment 
to represent analytically and this type analysis is rarely 
performed. Part of the reason for not doing acoustic noise 
analysis is that historically it has been observed that it does 
not produce significant structural loads except on thin filmed 
windows or items that have large areas and low masses such as 
solar arrays. For these items an acoustic test is recommended. 
The foregoing discussion demonstrates that before the analyst 
generates a NASTRAN model, he should determine what the use of 
the model is really going to be and then decide upon an 
appropriate size. Perhaps it may be advantageous or even 
necessary to produce models of different sizes. 


Model Verification by Test 

The predictions from the model should be checked against 
actual test data as early in a program as possible. One needs 
to run an analysis using the model wh'ch represents the test 
configuration of the hardware. The test does not have to be a 
very severe high level test. Preferrably, it should be a low 
level test. A static load test where loads are applied at 
particular points on the instrument and deflections are 
measured can be used for model verification. To verify the 
dynamic characteristics of the model, a low level sinusoidal 
sweep can be done on the instrument with response data recorded 
on magnetic tape. The data can then be analyzed by plotting 
acceleration levels versus frequency and comparing these to 
predictions from the model. Also, coincident and quadrature 
plots versus frequency can be made to determine mode shapes and 
modal damping. Another test that can be used for dynamic 
verification is the modal survey test. In this test the 
instrument is excited by a low level input, generally random 
vibration. There are several automated modal survey test 
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packages which store data from the test and then compute the 
mode frequency, mode shape, and modal damping automatically as 
well as display the mode shape on a screen. 

Regardless of the testing technique used to verify the 
model, the knowledge that the model agrees well with test data 
is very reassuring. Once good correlation is obtained between 
model predictions and test data, the model can be used with 
confidence to evaluate the effect of design changes or to 
predict responses to various types of inputs. With the advent 
of the Space Shuttle the trend seems to be a deemphasis on 
qualification type structural testing with more reliance placed 
on predictions by analysis. However, this trend should not be 
interpreted to mean that no testing need be done. Testing to 
provide assurance of model veracity is still very important. 


NASTRAM ANALYSIS METHODS 


Steady State Acceleration 

The steady state acceleration levels are defined in terms 
of gravitational acceleration units (g's) for the thrust and 
lateral directions. For example, 16.8 g's thrust and 3.0 g’s 
lateral are typical for a Delta launched payload. The static 
analysis. Rigid Format 1, is used for steady state acceleration 
analysis. The most flexible way to run the analysis is to 
apply a l.Q g load in each of the three orthogonal axes and 
then use subcase combinations (SUBCOM) to obtain the desired 
combination of loads. 


Sinusoidal Vibration 

The sinusoidal vibration analysis is normally performed 
using frequency response analysis. Either the direct 
formulation. Rigid Format 8, or the modal formulation, Rigid 
Format 11, can be used. The modal formulation is preferred 
because an eigenvalue analysis can first be performed and the 
modes saved on tape. This information, after checking, is used 
in a restart for the frequency response analysis. 

The sinusoidal vibration test levels are defined es g's 
versus frequency and the frequency range is usually 5 Uz to 200 
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Hz. To run the analysis one can input the sinusoidal levels as 
defined in the specification and observe the response levels at 
points of interest. However, a more informative method is to 
input a constant unit acceleration and observe the response at 
the points of interest because using a constant input draws a 
much cleaner picture of the response characteristics. 

The magnitude of the responses depends upon the value that 
is chosen for structural damping and hence modal amplification 
(Q) since modal Q equals the reciprocal of structural damping. 
Previous testing of instruments and components has shown that a 
modal Q of 15 is generally a conservative assumption for 
analysis. Assuming modal Q's greater than 15 quite frequently 
results in very high response levels and consequently 
unnecessary design changes. As a general rule of thumb, 
response levels greater than 20 g's would not be expected due 
to the dynamics of the launch environment. Therefore, unless 
there is substantiating evidence available, one should not 
assume Q's too high in the analysis. 

Another variable in the frequency response analysis is the 
frequency at which response calculations are made. The 
frequency can be defined by a tabular listing of discrete 
frequencies, a linear spacing where a frequency increment is 
chosen, or a logarithmic spacing where the number of 
logarithmic intervals between the first and last frequency is 
chosen. It is important for one to pick the proper frequencies 
for the response calculations so as not to miss any peaks that 
occur. Using the modal formulation one can accomplish this by 
first doing an eigenvalue analysis, restarting, and then 
including all of the modal frequencies, as well as frequencies 
on either side, in a tabular listing of frequencies to be used 
for the response calculations. For the case of linear or 
logarithmic spacing the required frequency increment or the 
number of logarithmic intervals can be determined analytically. 
For example, assuming a Q of 15, in order to be sure that the 
calculated response is at least 90% of the peak response a 
frequency increment of 0.032 times the lowest frequency of 
interest is required and 114 logarithmic intervals are required 
for analysis between 5 Hz and 200 Hz (see Appendix). 


Random Vibration 

Random Vibration analysis is performed using Rigid Formats 
8 or 11 as an extension of the frequency response analysis. 

One must run the frequency response analysis to get the random 
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response analysis. The only additional requirement is the 
inclusion oi: the power spectral density (g^/Hz) loading 
description, the TABRNDl card, which defines g^/Hz versus 
frequency. 


Shock 

Shock analysis can be performed in NASTRAN but the 
uncertainty of the definition of the input makes the results 
questionable. The shock level is described as a shock response 
spectrum which is a shock response level (response g's) as a 
function of frequency. In order to perform a shock analysis, 
this shock response spectrum must be converted to a transient 
pulse. The problem is that a given shock response spectrum does 
not correspond to a unique transient input pulse. There could 
be several different types of transients that give the same 
shock response spectrum. If one does convert the shock response 
spectrum ho a transient pulse, either the direct transient 
response, Rigid Format 9, or the modal transient response. Rigid 
Format 12, can be used for the analysis. 

The transmission of a shock pulse through a structure is 
susceptible to the number of joints and the fixity of these 
joints in the path of the pulse. This characteristic is 
difficult to model. Therefore, caution should be used when 
interpreting the results of a shock analysis. 


TEST LEVEL DEVELOPMENT 

The paths for test level development for instruments or 
components can proceed in several different directions. Three 
examples will be given. The first is a review of methods 
employed for the development of levels for the components on the 
presently orbiting International Ultraviolet Explorer (lUE) 
spacecraft. The second is a description of the development of 
the test levels for components of the Tandberg-Hanssen 
instrument. This is an instrument that will be flown on the 
Solar Maximum Mission (SMM) spacecraft during 1979. The third 
is the development of test levels for the Thematic Mapper 
instrument. This instrument will be part of the LANDSAT-D 
mission and is scheduled for launch in 1981. The three 
situations are different as will be explained. 
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lUE Components 


The system test levels for the ruE spacecraft {reference 1) 
were defined and known. Based on this information, test levels 
for the components were developed for sinusoidal vibration, 
random vibration, acoustic noise, shock, and steady state 
acceleration (reference 2). Since the input to the spacecraft 
was known, the problem became one of determining the response of 
the spacecraft at various locations which would describe the 
environment seen by a component mounted at that location. A 
graphical representation of the lUE spacecraft is shown in 
figure 2 and the NASTRAN models are shown in figures 3 and 4. 

For steady state acceleration and acoustic noise the levels for 
the components are the same as the levels for the spacecraft. 

For the other environments the levels for the components are 
dependent upon the dynamic response of the spacecraft. 

The lUE Project was fortunate in that a structural model of 
the spacecraft was available very early in the program for 
testing* Consequently, the component test levels for sinusoidal 
vibration, random vibration, and shock were derived directly 
from test data. However, before the testing started, frequency 
response runs were made with the NASTRAN model to provide 
predictions of the responses at particular locations. These 
predictions agreed well with the test data. Although the 
NASTRAN model of the lUE spacecraft was not used to develop 
component test levels, it was used extensively in performing 
coupled launch vehicle/spacecraft launch loads analyses and also 
to predict occurrences during, the sinusoidal vibration test of 
the spacecraft. 

The technique for developing the sinusoidal vibration test 
levels for instruments or components is fairly straightforward. 
The method is to envelop the peak responses into a smooth 
spectrum as shown in figure 5. The same applies for shock 
response spectrum test levels as shown in figure 6. 

The random vibration test levels were also developed from 
test data. However, one should not use the method of enveloping 
the peak responses because this results in a subsystem test 
specification that is much more severe than it should be. For 
the lUE components, the test data were divided into appropriate 
groups and a statistical analysis (reference 3) was performed to 
establish the random vibration specification for each group. 

More refined methods (reference 4 and reference 5) also consider 
the damaging effects of the environment when developing the 
subsystem test levels. 
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Tandber^-Hanssen Components 


The test levels for the Tandberg-Hanssen instrument were 
established (reference 6) and two NASTRAN models of the 
instrument were generated. One was a small simple 400 degree of 
freedom beam model and the other was a very detailed 4000 degree 
of freedom model. The small model is shown in figure 7 and the 
large model in figure 8. The main purpose of the small model 
was to provide the SMM Project with an adequate dynamic 
representation of the instrument to be used in the coupled 
launch vehicle/spacecraft launch loads analysis. The large 
model was used to develop sinusoidal and random vibration test 
levels for selected components and also to examine critical 
loads for both the static and dynamic environments. 

The sinusoidal vibration levels for one component, the 
polarimeter, were developed by first using the NASTRAN modal 
frequency response analysis. The model was excited in each axis 
according to the input levels described for the instrument 
(reference G) and response plots were made at a point 
corresponding to the mounting location of the polarimeter. The 
response plots representing the thrust direction were examined 
as well as the r 'sponse plots representing the lateral 
directions. The peaks of the responses were enveloped to 
develop a corresponding thrust axis specification and a 
corresponding lateral axis specification. 

A critical component in the instrument is the circular flex 
pivot. The secondary mirror/two axis gimbal assembly is 
supported by four of these pivots and the pivots are 
particularly susceptible to failure due to random vibration. 

Even the large model did not have the flex pivot - secondary 
mirror/two axis gimbal assembly modelled. Therefore, the plan 
was to run a random response analysis using the large model and 
pick a response point that would represent the input to the 
secondary rairror/two axis gimbal assembly. Then, using the 
calculated response, a random vibration specification would be 
generated for the secondary mirror and gimbal assembly. The 
analysis was run, the responses were plotted, and the random 
vibration specification was determined using the methods 
previously cited (reference 4). 

Development of a random vibration specification, whether it 
be from test data or from analytical predictions, is a 
subjective procedure- The more refined methods (reference 4 and 
reference 5) are a step in the direction of removing some of the 
subjectiveness. However, even these methods are not universally 
accepted. Without going through the refined techniques, a 
suggested method is to manually smooth out the response so that 
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the reuslting specification has an overall level that is no more 
than approximately two times the overall level of the response. 
An example of this technique is shown in figure 9. 


Thematic Mapper 

The Thematic Mapper is a large and complex earth viewing 
instrument that will be flown on the LANDSAT-D spacecraft. 
Because it represents an advanced long-lead time item, the 
instrument is being designed and built prior to the spacecraft. 
Consequently, the test and design levels for the instrument have 
had to be developed before the dynamic characteristics of the 
spacecraft become known. Also, the test levels have been made 
compatible with both the launch environment of the Delta launch 
vehicle and the launch and recovery environments of the Space, 
Shuttle. The test levels developed for the Thematic Mapper are 
sinusoidal vibration, random vibration, shock, acoustic noise, 
and steady state acceleration. 

The steady state acceleration levels used for the Thematic 
Mapper covered Delta laun 'h (reference 1} and Shuttle launch, 
landing, and crash (reference 7 and reference 8). The acoustic 
noise specification vas based on the worst case combination of 
the Delta and Shuttle environment. The predicted acoustic 
environment for the Shuttle below 200 Hz is significantly higher 
than the environments of any of the expendable launch vehicles. 
To cover this condition, a low frequency random vibraticn Lest 
was specified from 20 Hz to 200 Hz. The determination of the 
random vibration levels was based on a procedure outlined for 
Shuttle payloads (reference 8). This procedure requires 
knowledge of the mass distribution of the payload from which 
reaction loads are calculated. For the Thematic Mapper the 
payload is the LANDSAT-D spacecraft mounted in a cradle. Since 
this information was not known, some assumptions were made which 
would yield a worst case condition and the random vibration 
levels were derived from this condition. The shock levels were 
based on the recommendations for component vibration (reference 
1 ) . 


The sinusoidal vibration levels were derived using a 
NASTRAN model of a "characterized" LANDSAT-D spacecraft. Since, 
as indicated, the LANDSAT-D spacecraft has yet to be designed, 
the NASTRAN model was based on conceptual design information. 
Also, stiffness parameters for the conceptualized spacecraft and 
the instrument support module were varied to try to bound the 
best and worst case conditions that could be expected from the 
final design. The NASTRAN model used in the analysis was a 
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simple beam and is shown in figure 10. The frequency range of 
the analysis was from 5 Hz to 100 Hz and the beam 
representation was considered satisfactory for the analysis. 

Two types of analyses were performed using the beam model. 
One was a modal transient response of the combined spacecraft 
and Delta launch vehicle. This was used in the simulation of 
the lateral liftoff event. The output from this analysis was 
the acceleration levels at all the indicated points on the 
LANDSAT-D spacecraft model and also the bending moment at t' o 
Delta attach fitting/spacecraft interface. The bending moment 
was of interest because it is the load that is traditionally 
used as a limitng factor during lateral sinusoidal vibration 
tests of spacecraft. 

Using the bending moment predicted from the lateral 
liftoff analysis as a limiting factor, a frequency response 
analysis was run which simulated the lateral sinusoidal 
vibration test of the spacecraaft. A modal Q of 15 was assumed 
and the predicted response at the mounting location of the 
Thematic Mapper was output. The responses indicated that the 
Thematic Mapper would be exposed to levels during the 
spacecraft lateral sinusoidal vibration test that would be 
higher than the levels predicted to occur due to the liftoff 
event. Therefore, in order not to overtest the instrument, it 
was decided to base the lateral sinusoidal levels on the 
responses predicted from the lateral liftoff analysis. This, 
in turn, will probably impose some restrictions during the 
lateral sinusoidal vibration test of the total spacecraft 
system to ensure that overtesting of the instrument does not 
occur. 

For the Delta launch vehicle the maximum thrust axis 
dynamic response occurs as a result of POGO. POGO is a 
longitudinal oscillation resulting from closed-loop coupling of 
the engine system and the vehicle longitudinal mode and is the 
major thrust axis dynamic loading. A thrust axis frequency 
response analysis simulating the thrust axis vibration test of 
the spacecraft was run. The predicted response at the mounting 
location of the Thematic Mapper resulting from the POGO event 
was used as the maximum thrust axis sinusoidal vibration test 
level for the instrument. 

As can be seen, sinusoidal vibration levels for the 
Thematic Mapper were derived from predicted responses due to 
launch events. This departs from the traditional approach 
which required instruments or components to survive not only 
the levels predicted for flight but also the levels that v/ould 
occur during sinusoidal vibration testing of the spacecraft to 
which the instrument was mounted. This often times resulted in 
considerable overtesting and overdesign of instruments. The 
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approach used for developing the sinusoidal test levels for 
the Thematic Mapper does/pot contradict existing test 
philosophy but it does impose restrictions on spacecraft 
testing to ensure that instruments and components are not 
overtes ted , 


CONCLUDING KEMARKS 


The three examples given demonstrate variations in the 
development of test levels for instruments and components. 

For the lUE components, the test levels were developed 
primarily from test data. For the Tandberg-Hanssen 
instrument, the levels were defined and the instrument 
component levels were derived from analysis. For the Thematic 
Mapper instrument, the levels were developed based on launch 
environment analysis, statistical information, and mutual 
spacecraft environments such as steady state acceleration and 
acoustic noise. Of the three, the preferred approach is that 
used for the Thematic Mapper instrument. This approach 
provides the levels that are the most consistent with the 
occurrences due to the launch. 

The analyst must determine the environment that is most 
critical for the instrument and therefore the priority to 
place in the analysis plan. The first priority should be the 
steady state acceleration analysis because this is the 
environment that generally produces the highest load on the 
primary structure of the instrument. The next step should be 
the cinusoidal vibration analysis. This analysis frequently 
indicates high dynamic loads on some parts of the instrument. 
If this is the case, one should pursue the possibility of 
doing a launch loads analysis to determine if the loads 
predicted from the sinusoidal vibration analysis are 
realistic. However, typically a launch loads analysis is not 
a readily available option. Therefore, one should keep in 
mind that response levels on the order of 20 g’s, assuming a 
modal Q of 15, probably will not be exceeded during launch. 
Some engineering judgment should be exercised before making 
design changes because of high loads predicted from sinusoidal 
vibration analysis. The random vibration analysis is one that 
should not be overlooked. Generally, random vibration is a 
high frequency environment that causes problems with 
electronic components or boards and also picks up workmanship 
problems. However, there are times when random vibration does 
cause structural problems. The analyst will have to use his 
own judgment when determining whether or not a random 
vibration analysis is warranted. The analytical shock 
analysis is questionable because the response is dependent 
upon the input and the definition of the input is not unique. 
Acoustic noise analysis is not done as a matter of course 
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basically because hhe analytical definition of the input is 
difficult and the analysis is too complex to spend the time to 
do it. If an instrument is designed to withstand steady state 
acceleration loads, sinusoidal vibration loads, and random 
vibration loads the chances are that a failure will not occur 
due to shock or acoustic noise. 
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APPENDIX 


Determination of the minimum number of points required for a 
frequency response analysis to assure that the calculated 
response is ah least 90% of the peak response. 


Nomenclature 


f - frequency 

fj^j - high root of equation 

f- - low root of equation 

Lf . 

f^ - natural frequency 

HF - high frequency 

LF - low frequency 

N - number of points 

Q - modal amplification 

Xj - imaginary response 

- real response 

Af - maximum increment; (f„ -f- ) f 
Assume a single degree of freedom system 
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Figure 1. 
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Figure 2. 
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Figure 3. 


FINITE ELEMENT MODEL OF lUE SPACECRAFT STRUCTUF 
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Figure 4. 

FINITE ELEMENT MODEL OF lUE SCIENTIFIC INSTRUMENT 
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Figure 6. 

EXAMPLE OF SHOCK RESPONSE SPECTRUM SPECIFICATION 
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Figure 7. 

TANDBERG HANSSEN SIMPLE BEAM MODEL 
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Figure 8. 

TANDBERG HANSSEN DETAILED MODEL 



Figure 9. 

EXAMPLE OF RANDOM VIBRATION SPECIFICATION 
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REDUCTION OF MATRIX WAVEFRONT FOR NASTRAN 
Gordon C. Evers tine 

David W. Taylor Naval Ship Resesrch and Development Center 


SUMMARY 


The'^three grid point resequencing algorithms^^^most often run by NASTRAN 
users are compared for their ability to 'ytiduce mattrix root-mean-square (rms) 
wavefront, which is the moat critical parameter in determining matrix decompo- 
sition time in NASTRAN. The three algorithms are Cuthill-McKee (CM) , Gibbs- 
Poole-Stockmeyer (GPS), and Levy. The first two (CM and GPS) are in the BANDIT 
program, ana the Levy algorithm is in WAVEFRONT. Results are presented for a 
diversified collection of 30 test pt.:'jlems ranging in size from 59 to 2680 
nodes. It is concluded that GPS is exceptionally fast and, for the conditions 
under which the test was made, the algorithm best able to reduce rms wavefront 
consistently well. 


INTAODLCTION 


A central feature of structural analysis with NASTRAN is the factoring (or 
decomposition) of a matrix into upper and lower triangular forms. NASTRAN 's 
current triangular decomposition algorithm is an active column routine similar 
to a variable band or wavefront approach. As such, the computer time required 
to perform a matrix decomposition depends strongly on the sequence assigned to 
the grid point labels. 


Vor real, symmetric decomposition, for example, the time T required can be 
estimated from the relation (ref. 1) 



m 


N 

E 

i=i 



( 1 ) 


where 


N = matrix order, 

c^ = number of active columns in matrix row i, and 

T = time for multlply-add operation (an experimentally determined 
machine time constant) . 


The time T is sequence-dependent since the cj^'s are sequence-dependent. 


Since Cj|^ is sometimes referred to as the row wavefront for row i, equation 
(1) can alternatively be written in terras of the root-mean-square (rms) wave- 
front, 


rms 
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( 2 ) 



T = 


^ T N W ^ 
2 m rms 


o 



Because of the large size of in equation (1) for many problems, this 

latter form of the timing equation is often the more convenient one to use in 
practice. For reference purposes, typical values for the machine constant Tjjj 
are listed in Table 1 for several computers. 


Core storage requirements for matrix decomposition are also dependent on 
the nodal sequence, the most critical parameter being the maximum matrix wave- 
front W^iaxj which is the maximum value of any c^, 

Th^, for most efficient matrix decomposition, the user would like to 
assign ^id point labels so as to minimize both and with the former 

probably the more important. Unfortunately, it is often difficult for users 
to know how to sequence the nodes to effect a good numbering, particularly for 
large complicated meshes or those generated automatically on a computer , As a 
result, many users turn to NASTRAN preprocessors which automate the labeling 
process. The two most often run by NASTRAN users are BANDIT (refs. 2-4), which 
contains the Cuthill-McKee (CM) (ref, 5) and Gibos-Poole-Stockmeyer (GPS) 

(refs. 6-7) schemes, and WAVEFRONT (ref. B) , which contains the Levy 
resequencing algorithm (refs. 9-10). Both preprocessors read NASTRAN data 
decks as input, resequence the nodes, and generate JS]^’fiRAN SEQGP bulk data 
cards (which tell NASTRAN what the new internal seqi,i^.?e should be) . 

The questions then naturally arise are: How do these three 

resequencing algor itfhq^( CM, GPS, and Levy) compare for their ability to reduce 
rms wavefront? What are^fche time and core requirements of the three 
algorithms? | J 

These questions were addressed recently in another paper (ref. 11), in 
which the algorithms were also compared for matrix profile reduction. Complete 
descriptions of the test problems used for the comparison were presented. The 
purpose of this paper, which is adapted from reference 11, is to sunmiarize for 
the NASTRAN user community the rms wavefront results obtained. 


Subsequent sections of this paper present precise definitions of the rele- 
vant terms, a brief description of the three algorithms to be uested, the 
ground rules of the test, and the test results. 


DEFINITIONS 


Although the definitions given here are reasonably standard (at least in 
finite element circles), uniformity of definitions and notation among the 
various workers in the field does not yet exist. 

Given a symmetric square matrix A of order N, we define a "row bandwidth" 
b^ for row i as the number of columns from the first nonzero in the row to the 
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diagonal, inclusive. Numerically, exceeds by unity the difference between i 
and the column index of the first nonzero entry of row i of A. Then the matrix 
bandwidth B and profile P are defined as 


B = 
F = 


max , 
i^N “l 

(3) 

N 


E b 
i=l ^ 

(4) 


Let Cj;^ denote the number of active columns in row i. By definition, a 
column j is active in row i if j > i and there is a nonzero entry in that 
column in any row with index k 5 i. The matrix wavefront W is then defined as 


- max 
i<N 


■"i 


(5) 


Sometimes c£ is referred to as the row wavefront for row i. Since the matrix A 
is symmetric, 


N N 

P = S b = E c (6) 

i=l i=l 


The wavefront W is sometimes called the maximum wavefront to distinguish 

it from the average wavefront and root-roean-square wavefront Wj^jjis defined 

as 


W 

avg 


1 ^ 

« i=l 


P 

N 


(7) 


W 

rms 



( 8 ) 


From these definicions, it follows that, for a given matrix, 

w iw :5 b5n 

avg rms max 


(9) 


The first two inequalities would be equalities only for uninteresting special 
cases such as diagonal matrices. 


We define Che degree of node i as the number of other nodes to which it 
is connected; l.e,, more precisely, dj^ is the number of nonzero off-diagonal 
terms in row i of Che matrix A. (This implies, for example, that all nodes in 
the same finite element are "connected" to each other.) Hence, the maximum 
nodal degree M is 


M = 


max 

i<N 


d. 

1 


( 10 ) 
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The number ol: ui^lciue eclRea E is defined as the number of nonzero off-diagonal 
terms above the diagonal. Hence, for a symmetric matrix, 

1 N 

E = E d, (11) 

2 i.i ^ 

Thus the total number of nonzeros in A is 2E+N, and the density p of the matrix 
A is 


p = (2 E+N)/n2 (12) 

Note that, in these definitions, the diagonal entries of the matrix A are 
included in b^ and c£ (and hence in B, P, ''^avg> ^'^rms) • These 

definitions make it easy to convert the various parameters from one convention 
(including the diagonal) to the other (not Including the diagonal) . 

Also note that, in this context, the order N of the matrix A is sometimes 
taken to be the same as the number of nodes. In general finite element usage, 
however, each node (grid point) has several degrees of freedom (DOF) , not just 
one. For structures having, say, six DOF per node, the actual DOF values of B, 
^'^max> '^avg» ^'^rms be (in the absence of constraints) six times their 

corresponding grid point values. 


Example 


Definitions (3)- (12) can be illustrated by the following simple example. 
Consider the matrix shown below, in which nonzeros are indicated by X's. 


1 

1 

3 

3 


h 

6 


X 

X 


X 

X 


X 

X X- 


X 

X 


X 
' * 




X 


t 






2 

2 

3 

1 

2 

2 


E=18 


L 


E=18 E=64 E=12 


In each row and column a line is dravim from the first nonzero to the diagonal. 
Thus b.j_ is the number of columns traversed by the solid line in row i. 
Similarly, the number of active columns c^ in row i is the number of vertical 
lines in row i to the right of and including the diagonal. Thus, from the 
definitions, B=6, P=?=18, Wg^^g=3.0, Wj.p,g=3.3, M=3, E=6, and p= 50.0%. 
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THE RESEQUENCING ALGORITHMS TESTED 


Tlie three algorithms tested are Cuthill-McKee (CM) (ref, 5), Gibbs-Poole- 
Stockmeyer (GPS) (refs. 6-7), and Levy (refs. 9-10). In this section each 
algorithm is described briefly, with details concerning the specific implemen- 
tation used. It is recognized that one cannot really evaluate algorithms per 
se , but only specific implementations of algorithms. 

Cuthill-MclCee (CM) (ref. 5) 

The original version of CM operated generally according to the following 
procedure: Among the nodes of low degree, select as potential starting nodes 
those which can root a graph of minimal width. (The term "starting node" 
refers to a node which is assigned the label 1 in the new sequence.) For each 
potential starting node, assign the labels 2 tljrough N by numbering those 
adjacent to new label I (and unnumbered) in order of increasing degree, 
starting with 1=1 and continuing with Increasing I until all nodes are 
sequenced. Of the sequences attempted, select the one having t'*e smallest band- 
wid th. 

The implementation of CM used in these tests is that appearing in the 
BANDIT computer program, version 8 (refs. 2-4), which contains a version of CM 
differing from the original algorithm in two ways. Firut, the new sequence 
obtained is reversed (by setting I to N+l-I for each I) , since it was observed 
by George (ref. 12) and proved by Liu and Sherman (ref. 13) that such a 
reversal (which preserves matrix bandwidth) will often reduce the matrix 
profile and never increase it. Second, of all sequences attempted, the one 
with the smallest rms wavefront js the one selected. Except for these two 
changes, the CM computer code is that originally written by Cu thill and McKee. 

The data structure originally used by CM required about (M+8)N words of 
core storage for the problem-dependent arrays, where N is the number of grid 
points and M is the maximum nodal degree. In the BANDIT implementation of CM, 
word packing is used to reduce the storage requirements to (M/L+8)N, where L, 
the packing density, is an integer (between 2 and 6, inclusive) which depends 
on the problem size and the computer being used. On a CDC 6400, for example, 
the CP time penalty for packing is about 80 psec per pack or unpack. 

Gibbs-Poole-Stock tcyer (GPS) (refs. 6-7) 

The GPS algorithm differs from CM primarily in the selection of starting 
nodes. In GPS, only one starting node is selected, and it is an endpoint of a 
pseudo-diameter of the graph associated with the matrix. Thus, the structure 
need be numbered only once, using a procedure which is similar to the CM 
numbering algorithm. 

The storage requirements of GPS are identical to chose of CM, Including 
the use of integer packing in the BANDIT (version 8) implementation, which is 
the form of GPS used for the testing. The original GPS code was written by 
the developers (ref. 7). 
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Levy (refs. 9-10) 


Unlike CM and GPS, which were developed to reduce matrix bandwiath and 
profile, the Levy algorithm was designed specifically to reduce the maximum 
matrix wavefront, W,„ax* The algorithm operates generally according to the 
following recursive procedure: Given the first I nodes of a new sequence, the 

node selected as I+l is the one for which the increase in the row wavefront 
between rows 1 and I-H will be minimum. Levy calls this a "minimum growth" 
method , 

This procedure is followed for one or more trial starting nodes, and the 
sequence yielding the smallest wavefront is selected. The first sequence 

attempted uses as the starting node either a user-selected node or a node of 
minimum degree. The latter option was chosen for these testa since it was felt 
that, for a production mode program, the user ought to be relieved of the 
burden of specifying a starting node. The second and succeeding sequences 
attempted by the Levy algorithm select starting nodes randomly. The number of 
new sequences to be attempted must be specified by the user. After some 
preliminary experimentation to estimate the speed of the algorithm, it was 
decided to request ten sequencing attempts for each test problem. Clearly a 
different number would yield different results. 

The Implementation used for the tests was that obtained by the author from 
Levy in 1973, the only change being that the sequence selected as best is the 
one yielding the smallest rms wavefront . Since the Levy algorithm aborts 

any resequencing attempt in progress once it determines that it cannot reduce 
the previous best the sequence finally selected will be the one among 

those carried to completion yielding the smallest 

The Levy data structure requires about 6N+10E words of core storage for 
the problem-dependent arrays, where N is the number of grid points and E is the 
number of unique edges. The code was not rewritten to use word packing for the 
tests. 


TEST RESULTS AND DISCUSSION 


The three grid point resequencing algorithms described in the preceding 
section were tested on a collection of 30 finite element meshes. These 
problems were collected over a period of several years from NASTRAN users 
representing various U.S. Navy, Army, Air Force, and NASA laboratories. Since 
these meshes are described In detail and plotted elsewhere (ref. 11), that 
information need not be repeated here. In general, however, the collection is 
probably large enough and diversified enough to provide a good test of nodal 
resequencing algorithms. 

The nodes for the 30 test problems were resequenced using the three algo- 
rithms, the objective being to reduce rms wavefront. All computer runs were 
made on a CDC 6400 computer under the NOS/BE operating system. The source code 
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was compiled using the FTN compiler, 0PT=1. T?or reference purposes, a GDC 6400 
is about one-third as fast as a GDG 6600. 

The results of the tests appear in Table 2. In addition to the rms wave- 
front obtained by each algorithm, Table 2 also lists, for each algorithm, the 
CP time expended and the storage requirements for the problem-dependent arrays. 
In the case of CM and GPS, which use word packing, the worst-case of half-word 
packing is assumed. The CP times listed do not include basic setup of the 
arrays . 

The first conclusion to be dramr from Table 2 is that, for most problems, 
all three algorithms achieve about the same reduction in rms wavefront. This 
is, perhaps, somewhat unexpected since CM and GPS were designed primarily to 
reduce matrix bandwidth, whereas the Levy scheme was designed to reduce matrix 
wavefront. For the 30 problems. Levy achieved the best reduction in rms 
wavefront 13 times, GPS 11 times, aird CM 5 times. However, on four occasions 
(Ns503, N=607, N=878, and N=918) Levy did significantly worse than the best 
achieved; on three occasions (N=209, N=245, and N=1242) GPS did significantly 
worse; and on two oc.casions (N=245 and N=592) CM did significantly worse. 

The second, and perhaps most striking, conclusion to be drami from Table 2 
is that GPS is exceptionally fast. In all cases, CM is second fastest, the 

Levy algorithm slowest. The user, of course, has some control over the running 

time of the Levy program (but not of CM and GPS) through his specification of 
the number of resequencing attempts. 

The third conclusion to be dra\m from Table 2 is that the Levy algorithm, 
as is, requires considerably more array storage than either CM or GPS, which 
use the same data structure. In fact, for the Levy program, one problem 
(N=2680) was too big for a CDG 6400 and could not be run. Clearly, the prog: , 

could be ren^ritten to use word packing (as CM and GPS do) , but this may be a 

nontrivial task, since the programmer has to decide which arrays to pack to 
yield the best compromise between storage and CP time. (Word packing, of 
course, saves core at the expense of CP time.) 

Table 2 indicates that Levy's wavefront reduction performance was 
generally best for the smaller problems and GPS's was generally best for the 
larger problems. This is probably due to the author's choice of ten sequencing 
attempts for the Levy algorithm. As the problems get larger, the probability 
of Levy's selecting a good starting node at random goes do^ra. One can infer 
that the algorithm's performance would improve if the program were allowed to 
run longer. Hov^ever, whether the expenditure of more computer time is justi- 
fied would be a matter for each user to decide. One issue that enters into 
such a decision is the number of times a given matrix problem is to be solved. 
If a given problem is to be solved many times (as, for example, in nonlinear 
analysis), or if many right-hand sides are involved (as, for example, in time- 
dependent problems), the time spent in sequencing becomes less important. 

One might also infer that the performance of the LeAry algorithm would 
improve if trial starting nodes were selected using a strategy such as that 
used in CM or GPS, rather than at random, ^-fl-iile this may be true sometimes, it 
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was not true for the test problem on which Levy performed the worst (N=918) , 
because for this problem the first trial starting node selected by Levy (which 
uses a node of minimum degree for the first attempt) was the same starting node 
selected by GPS. This same problem (N=918) was also run by Gibbs with his 
profile algorithm (ref. 14) (which is a hybrid of GPS and King (ref. 15), the 
latter being similar to Levy) with good results. This would indicate that 
Gibbs' modification to the King numbering approach (given a starting node) has 
a significant effect for some problems. 

Overall, GPS's combination of speed and consistency probably rate it the 
best algorithm of the three for rms wavefront reduction. Previous testing 
(ref. 3) has already shown it to be an excellent algorithm for matrix bandwidth 
reduction, for which it was designed. 

Finally, the three algorithms tested were selected because of their heavy 
use by NASTRAN users. However, it would be interesting to see how other 
strategies, including Gibbs-King (ref. 14) and Snay (ref. 16), would perform 
on the same data. Both give good results for profile reduction and hence would 
probably also do well in rms wavefront reduction. 
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TABLE l.-MULTIPLY-ABD TIME CONSTANTS (T^^) 

(Double precision for IBM and Univac, single precision for CDC) 




Computer 

T (microseconds) 
m 

CDC 6400 

16 

6600 

4.3 

7600 

0.6 

Cyber 173 

8.2 

174 

8.2 

175 

1.1 

176 

0.7 

IBM 360/370 - 50 

100 

65 

20 

75 

12 

85 

2 

91,95 

1.7 

155 

25 

165 

2 

195 

0.5 

Univac 1108 

14 

1110 

4 


Source; NASTRAN level 17 block data deck NTMXBD 








TABLE 2 


Ri'iS 



WAVEFRONT TEST RESULTS 

CP TIME ISEC.) STORAGE (HOROSI 

I CH£Gf>S ! LEVY 



GPS 

LEVY 

(H/2+3) N 

6N+10E 

0, 5 

B.2 

2.7 

620 

1394 

0.6 

0.2 

1. 5 

693 

1566 

0.3 

.0.2 

1. 2 

720 

1182 

1. 5 

0.4 

6.1 

1218 

2792 

2. 8 

0.8 

13.4 

1944 

6072 

11.9 

6.6 

36. 2 

4343 

17553 

2.7 

1*6 

23.1 

2673 

7158 

6. 0 

1.3 

37. S 

3344 

892^ 

5.7 

1.5 

3 8. D 

2984 

8366 

1. 5 

0.9 

14.9 

2925 

44 0 4 

4.5 

1 . 4 : 

26.4 

343 0 

7550 

10. 7 

1.9 

73.7 

3684 

12922 

16.2 

2,2 

32.0 

4030 

12550 

18. 0 

2.7 

61.5 

5882 

16476 

11. 3 

1.8 

38.7 

4332 

15126 

19.5 

2.5 

155.1 

5866 

16234 

13.3 

2.9 

145.7 

5396 

16272 

43.3 

4.2 

294.3 

10060 

30538 

10.1 

4.5 

161. 0 

7680 

18Q22 

56. 3 

5.2 

133. 1 

8880 

26112 

37.6 

4.0 

362.5 

8802 

26262 

93. 4 

6.2 

306. 7 

9354 

30728 

132. 2 

10.4 

450.2 

12601 

37294 

45- a 

12.2 

311. 2 

10975 

33118 

95.2 

9.7 

745.7 

12852 

37838 

141.2 

34.3 

801 . a 

16363 

84712 

252- 6 

7.0 

1010.0 

21105 

44110 

42. 6 

14.6 

300.3 

12588 

43882 

124.2 

16.9 

1270.9 

16767 

53372 

342.3 

23,5 

& 

45550 

127310 
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PRE AND POST PROCESSING USING THE IBM 3277 

DISPLAY STATION GRAPHICS ATTACHMENT (RPQ7H0284) 

S. H. Burroughs, M. B, Lawlor and Dr. I. M. MillerH< 

IBM General Technology Division 
Essex Junction, Vermont 

SUMMARY 


A graphical interactive procedure operating under TSO and 
utilizing two CRT display terminals is shown to be an effective 
means of accomplishing mesh generation, establishing boundary 
conditions and reviewing graphic output for finite element analy- 
sis activity. 

i?/v.lX:EDING PAGE BLANK NOT 
INTRODUCTION 


This paper is written to show how a graphical interactive 
procedure may be utilized in a time sharing en'/ironment to create 
input data for the NASTRAN program. In particular the software 
was motivated to assist input to the NASTRAN Thermal Analyzer 
portion of the program. In addition the software was designed to 
run on the IBM 3277 Display Station Graphics Attachment 
shown in figure 1 . This hardware takes advantage of the bene- 
fits derived from having two display heads coupled in a work 
station concept. The A/N processing is accomplished on the IBM 
3277 display terminal and the vector graphics information dis- 
played on any other vector graphic display terminal. For this 
work a Tektronix 619 terminal was connected to the IBM 3277 dis- 
play terminal. However, the graphics attachment RPQ provides a 
standard RS-232 interface for attachment of any user selected 
vector graphics CRT terminal. 

Two display heads are better than one for pre and post pro- 
cessing activities since the A/N communication with the program 
does not interfere with the picture being presented. By direct- 
ing all menu related information to the A/N terminal or any 
standard print out information to this terminal, the graphics 
picture is preserved. The graphics attachment offers a per- 
formance improvement over conventional dial up systems . The 
graphics terminal is controlled entirely by the A/N terminal and 
receives data at the same rate data is transferred to the IBM 
3277. Therefore the vector graphics terminal is local to the 
IBM 3277 and unknown to the host system. The work station is 
completed with a suitable hard copy unit. 

* Dr, Miller is at IBM, Poughkeepsie, New York 
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The graphics attachment also has a FORTRAN and an APL 
software RPQ support. This work makes use of the FORTRAN soft- 
ware to generate the graphic orders. 

PHASE 1 MESH GENERATION 


A procedure has been developed which is named QT. This pro- 
cedure is designed to provide an interactive mesh generation 
capability for two dimensional models. However a companion pro- 
cedure has been written which uses an imaging technique to create 
three dimensional brick and wedge elements from a two dimensional 
mesh. 


The mesh generation is accomplished using the hardware 
described above as shown in the following steps : 

1 . Create mesh generation algorithm input data using standard 
TSO editing procedures. Save the file. 

2. Invoke the mesh generation algorithm using TSO. 

3. The QT procedure will then display the mesh generated on the 
graphics CRT for revieC5r. 

4. Review the mesh for errors. 

5. If the mesh is accepted go on to set boundary conditions. 

6. If the mesh is rejected return to Step 1 and modify input 
data for redisplay until model is satisfactorily completed- 

Figure 2-A shows the general flow for interactive processing 
using the QT procedure. 

PHASE 2 BOUNDARY CONDITIONS 


Establishing boundary conditions is a task that requires 
great care. The exact grid point number or element number, for 
example, must be known in order to establish a constraint or load- 
ing condition. Since this is the case a program was written 
which displayed the results of mesh generation so that the analyst 
could interact with the design for the purpose of setting bound- 
ary condition information in a manner that did not require the 
key punching of data in the fields required by the NASTRAN pro- 
gram. In this application of interactive graphics the use of 
the dual headed work station greatly simplifies the task. 

The procedure is really quite simple in concept; that is, one 
wants to point at a particular grid point or element and (fix 
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certain degrees of freedom or establish values of load) conununi- 
cate constraints or loads to be applied through bulk data cards. 

In the interest of speed, it was decided that a correspond- 
ence table should be established between a grid point or element 
number and a text string. This correspondence table would be de- 
coded and the NASTRAN bulk data cards prepared at a later time 
through the execution of a batch program. (This program is a 
batch program and is designed to run at the same time as NASTRAN.) 

The method incorporated for pointing at the display of the 
mesh makes use of the cross-hair cursor. A, detection is made on 
a grid point or element and control is returned to the program 
throj,^^ the A/N keyboard. The grid point or element number is 
the^'Sritten on the A/N terminal for confirmation by the display 
oper^or, at which time the keyboard is unlocked for input. If 
the m^ch is correct, a full 80 bytes of information can be enter- 
ed. This procedure permits several data items to be entered at 
one time, separated by blanks. Obviously, the first data item 
should be the mnemonic associated with the type of B.C. informa- 
tion required. Therefore, SPC, SPCI , OVOL, etc., would be the 
first data item followed by a blank and the related information to 
be included on that bulk data card when the bulk data card is form- 
ed at a later time in batch mode. A null response indicates an in- 
correct match. After each detection, new data is keyed in and the 
enter key depressed. When the picture must be redisplayed to show 
a different section of the model or to magnify a section, the word 
END is entered so that a new window may be selected and farther 
work done on the constraints, etc., in that section of the model. 

A null response on window selection terminates the procedure. 

When the procedure is terminated, the data is saved on the file 
initially allocated upon invoking the procedure. 

TRANSLATION OP DATA TO NASTRAN FORMAT 

The mesh and B.C. information must be translated from the 
graphic structures to the rigid format required for NASTRAN or 
another finite element analysis program. This is accomplished 
using the QTNAST (Quadrilaterals or Triangles /NASTRAN) program and 
files are created as shown in fig. 2b. This program can be run as 
a pre-NASTRAN step or as a stand-alone batch job. As a pre-NAS- 
TRAN step, the data sets (files) can be temporarily allocated and 
therefore a very compact form of the model data saved in lieu of 
the fully expanded card formatted data which can typically become 
thousands of card images. 

The pre NASTRAN or pre FEM program step, therefore, has ob- 
vious advantages where space is costly or difficult to obtain on 
a permanent basis. 
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The QTNAST translation program will not be described in detail 
here as documentation exists on the program. Nevertheless, this 
program is a companion program in the procedure described which 
provides a very necessary function. The input data to this program 
provides substantial flexibility for the analyst to create, merge 
and modify models. The creation of three dimensional brick or 
wedge shaped elements from the two dimensional mesh is just one 
example . 


PHASE 3 POST PROCESSING 


An interface routine has been written to read the PLT2 plot 
data which is created by selecting to use the NASTRAN general 
purpose plotter interface. The Lvl 15.5 PLT2 data set may be 
written to disk instead of tape by making the following declara- 
tion on the NASTRAN card; SYSTEM (45) = 96. Then the PLT2 DD 
card should have a direct access data set specified in the NASTRAN 
procedure. This data set may be a partitioned data set for saving 
plotting data for more than one model in each member of the data 
set. 


Once the data has been saved as described above the post pro- 
cessing (translation) routine can be invoked in the foreground 
using TSO (time sharing option) and the various frames can be 
drav;n on the display terminal as shown in figure 3, The 
frame can then be manipulated through a windowing technique which 
permits the data to be redisplayed over and over again until the 
desired magnification is obtained. (Examples of this for the frame 
shown in figure 3 may be found in figures 4a £ b. Note that the 
size of the numbers change also which can be of assistance for 
frames with very dense displays. In fact the grid point numbers 
can be suppressed to mere dots on the terminal if required for 
clarity. 

Using this program, fram^s^^chn either be displayed indivi- 
dually or over laid if desiredV-"'^ 

The program has the ability to incline the alphanumeric data 
and the character size may be easily varied; however, normally 
standard upright characters have been used. 
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Fig, 3, NASTRMI Plot Output for Sample Problem. 
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Fig. 4. Examples of Window Clipping and Character Scaling for Output Shown in Pig. 3. 
(Figs, 4a and 4b are formatted so as to be placed on this one page.) 


N78-32476 



IG/OG PROGRAM FOR GENERATING ANT) DISPLAYING 
NASTRAH input and output DATA 


By Ryoichi Mishima 
and Akinori Myojin 


Hitachi, Ltd. Japan 

NUMMARY 


Hitachi. Ltd. has developed a software system in structural analysis 
fields using NASTRAN, and now HITAC users in Japan can use IG/OG 
(input Generator/Output Generator) orogram for NASTRAN. IG/OG saves 
much time required to make a structure analysis data to interoret the 
result from an analysis by NASTRAN. 


INTRODUCTION 


Generally, large-scale calculations in structure analysis require more 
than 1000 elements and nodal points even in the analysis of plane 
structure. In addition, thousands of input data cards must be prepared. 

In the case of three-dimensional structure having various arbitaiy 
shapes, a numerous amount of input data more than these must be preoared. 
This operation is extremely difficult to be done by hand and also 
requires much time. On the other hand, the analytical results such as 
the node displacement outputted for each nodal point, and the elementary 
stress and force outoutted for each element reaches several times the 
input data. These bring about the fact that nrodigious labor and time 
must be shared for rearranging and retrieving the resultant outputs 
and preparing all necessary reports. 

The IG divides a structural model set by the user into elements, and 
generates the user communication file used as an input data file 
to NASTRAN. The IG incorporated in NASTRAN helps to simplify the 
aforementioned troublesome preparation of input data extremely. 

The OG rearranges a numerous amount of output data and plot them 
graphically or in figures to facilitate the retrieval of analytical 
results. By writing the file-names used in the OG into the user 
communication file at the time of NASTRAN execution, the user enables 
the OG to draw various figures while changing the parameters provided 
for figure construction, after the completion of NASTRAN execution. 
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IN'^UT generator 


Many excellent automatic meah generation programs for specific 
structures such as aircraft and ship have been developed and introduced. 

For general structures, however, few of those programs are usable. The 
automatic mesh generation program (IG) of IG/OG inroduced in this papei 
has been developed for universal applications, for which various new 
concepts were incorporated. 

A whole structure cannot be divided completely at a time . In this 
system, it is divided into sub-structures called parts which are then 
inputted. The part is formed by a relatively simple shaoe such aa triangle, 
quadrilateral, or the like. In the 16 the respective narts are mesh- 
generated and then combined with each other to complete dividing a whole 

structure in mesh. The number of processines necessary for dividinsr 
a structure into oarts is only a fraction( several ten times less) of 
that needed for dividing into structural elements, although it depends 
on the shape. This brings about the fact that the number of processings 
needed for data prenaration can be reduced greatly. In addition, special 
data are not ^equi^^^d when combining the respective parts with each other, 
since the combining ooeration is performed based on the distance between 
the coordinates of grid points. 

The data which can be obtained by automatic mesh generation are limited 
to some extent, but load and constraint conditions can be created in 
addition to grid point data and element combination data. 


part 


Ten different kinds of parts are usable in the IG, each having its 
own divide method. The list of divide methods is as shown below. 

(1) Quadratic shaoe function method 

(2) Cubic shaoe function method 

(3) Rotational quad-^atic plane method 

(4) Coon's blending function method 

(5) Plane oarallelogram method 

(6) Rotational parallelogram method 

(7) Cylindrical parallelogram method 

(&) Rotational plane curve method 

(9) Similar translation method 

(10) Orthogonally branched pipe method 

Different kinds of parts may coexist within the same structure, 

A part is defined by specifying boundary lines. Straight line, quadratic 
curve, cubic curve, and arc are used as boundary lines. The boundary lines 
usable for each part differ according to the kind of part or divide 
method. A boundary line is defined by snecifying 2 or more points on it. 
The points used to define boundary line are called characteristic points. 
For example, straight line is defined by specifying characteristic 
points at its both ends, and quadratic curve is by 3 points — 2 at 


132 



Its both ends and 1 at the intermediate portion of it. 

The quadratic shaue function method is one in which the plane structure 
consistin;? of triangle or quadt'ilateral is to be divided. The boundary 
line used in this method is renresented by any one of straipiht line, 
quadratic curve, and cubic curve. 

As shown in pIk. 1, the structure reoresented by in the 

coordinate system is correlated with the square of abed in the coordinat 
system .Yf; . Shape function is used to correlate the points in the coordinate 
systemc^r with the ooints in the coordinate system XY, The shape function 
is tlie same as those often used in the finite element method. Dividing 
operation is oerformed on the square in the coordinate system . 

By obtaining the points corresnondinff to the srid points generated 
' the aformentioned dividing operation, the structure of A,l!l, 

IS substanaialiy divided. 

The cubic shape function method is the same as the quadratic shape 
function method, except that oart shape is ‘i-dimensional. 

The rotational quadratic plane method is an application of the 
quadratic shape function method. The section of thick-wall shell 
generated by rotating a plane around an axis is divided by using the 
quadratic shape function method. Tn the circumferential direction, the 
shell is divided evbnly at the specified angle. 

The Goofi's blending function method is one in which the method of 
creating a free curve used in numerical control is applied to automatic mesh 
generation. 

In the plane parallelogram method, a structure approximating a 
quadrilateral, vvhose opposing edges run almost in parallel, is divided 
into parts. Fach edge is defined as an aggregate qp straight line, 
quadratic curve, and arc. If the opposing edges are not in parallel, 
an additional line can be specified at the intermediate portion of them, 
whereby the shapes of divided elements can be improved considerably. 

The rotational parallelogram method is one in which the plane parallelo- 
gram method is utilized for a thick-wall shell generated by rotating 
a parallelogram around an axis, like in the rotational quadratic plane 
method. The section of the shell is divided by using the plane parallelo- 
gram method. In the circumferential direction, the shell is divided 
evenly at the specified angle. 

In the cylindrical parallelogram method, the section of a cylinder is 
divided by using the plane parallelogram method. In the axial direction, 
the cylinder is divided evenly at the specified length. 

The rotational plane curve method is one in which a thin-wall shell 
generated by rotating a curve defined on XZ plane is divided. The curve 
is defined as an aggregate of straight line, quadratic curve, and arc. 

The similar translation method is one in which the surface generated by 
translating a straight line along acurve is divided. The curve is defined 
as an aggregate of straight line and arc. 

The orthogonally branched pipe method is one which can be applied only 
to orthogonally branched pipe. However, such pipe can be combined with 
other parts. 


qh1<5TNAL 

n' 
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MesVi Pattern 


Fifteen different kinds of mesh patterns are available, whereby 
the normal dividing operations are satisfied. For example, the follwine 
patterns are included; a quadrilateral ia divided into triangles by using 
shorter diagonal line instead of longer one, or the number of divisions 
is increased or decreased as dividing operation moves in a certain^ 
direction, 

Each^pattern ha^ the corresponding code, i;hus a uattern bo be used is 
selected by specifying the code corresponding to the part. 


Load Generation 

Loads such as grid point force and pressure can he generated. 

The amount of each component contained in grid point force and the 

amount of pressure must be represented by the linear function of grid 
point coordinate values. Pressure is assumed to be applied in the 
direction parpendicular to plane element. Grid point force is given 
for each component, 


Constraint 


A special part can be used for defining only the constraint 
condition of grid point. This part is linear, being represented by 
straight line, quadratic curve, or cubic curve. The boundary condition 
along the contour of structure c^n be generated easily by using the 
part. 


Three-Views 


In the analysis of complex structure, it is troublesome to input 
the coordinate values of characteristic points for defining the boundary 
lines. The IG is capable of inputting the coordinate values by using 
three-views in addition to inputting them directly This greatly helps 
to simplify the analysis of complex structure. 


Command 


The data incorporated in the IG are classified into the data 
used to define a structure and those necessary for activating the 
actual mesh generation. The data needed for activating the generation 
are called commands. The following commands are available. 

(l) AUTOMESH 

Activates the automatic mesh generation of part. 
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(2) TRANS 

Trunlates autoraai cal ly -mesh- Kcnera-bed parts similarly; i.e., 
the specified values ape adct-^^ respectively toeach grid point 
coordinate. 
rotate 

Rotates automatically-mesh- generated part. This command is capable of 
placing the part at any desired position in combination with TRANS. 

(4) SCALE 

Contracts and expands part, 

(5) REELECT 

Reflects part. For example, when a part is reflected on X axis, 
the sificn representing the X value of grid point coordinate is 
reflected. 

(6) ERASE 

Eliminates part of grid points or elements within a part. 

(7) COMBINE 

combines the respective parts which have been mesh-generated by 
AUTOMESH command and operated by other commands. 

(8) PLOT 

Plots the data obtained by automatic mesh generation on the XY plotter, 
(q) PRINT 

Lists up the results of automatic mesh generation. 

(l^S) ADD 

Adds the data which cannot be created by the IG such as shape 
data or material data in the format of NASTRAN 
(11 ) ADDEND 

Indicates the end of additional data beginning with ADD conunand. 


Output of IG 


The output of IG is available as shown below. 

(1) NASTRAN input user communication file 
This file serves as an input to NASTRAN. 

( 2 ) Mesh-generated structure projection 

The results of automatic mesh generation are plotted on the XY 
plotter. 

( 3 ) List of created data 

The results of automatic mesh generation are listed up. 


OUTPUT GENERATOR 


The OG edits the results of NASTRAN, Attempts are being made to 
support the following functions in the -reature; the aforementioned 
results are to be drawn on the plotter and graphic display, and 
the specified contents are to be listed up in the specified format. 

Currently, the OG supports the plotter function which is the same as 
that of NASTRAN and the function capable of drawing principal stress 
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diagram. 

The input of OG is the output user communication file of NASTRAN. 
This file is prepared while execution is carried out in NASTRAN. 
The module for creating the file has been developed newly. 


Principal Stress Diagram 


Principal stresses occurring in the elements of a plane can be 
drawn on the XY plotter in which their amounts and directions are shown 
by arrows. The principal stresses calculated in NASTKAR are read and 
displayed via the output user communication file. The pen drawing the 
diagram can be changed automatically according to whether the stress 
is compressive or tensile. 


User Communication File 


Some of rigid formats supported by NASTRaN are looped. By writing 
the files created in the looped portions by the OUTPUT module, the data 
blocks having the same name are written as many times as the number of 
loops. These data blocks cause a confusion when -chey are referred to. 

In the 0UTPUT2 module currently supported, only the first and last 
data blocks are referred to although a number of data blocks having 
the same name exist. To cope with this, OUTPUTS module has been developed 
newly. IN the OUTPUTS module, data blocks are outputted separately 
for each loop, and loop number can be affixed to each data block. 

Therefore, any desired data block can be referred to by specifying the 
loop name or loop number or data block name. In addition, the OUTPUTS module 

is capable of taking out not only data blocks but parameters. 

The following is an example of alteration card in rigid format 8 used 
to create the user communication file. 

1. ALTER 2 

2. PARAM 


ALTER 103 

PARAM//C , N , ADD/C , N , O/C , N , 0/$ 

alter 106 

PARAM//C - N . ABD/V , N , LOOP A , N , LOOPA » > 1 A 
OUTPUTS , , , , //C , N , OA > N , UGP/C , N ,X/C , N , BA T N , LOOP/S 


In ALTER 106, 1 is added to parameter LOOP, and the LOOP value is written 
in OUTPUTS next to ALTER 106. 
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13XAMFL!t:o 


The first example is one to divide a structure like a rocket 
shown in 'i'ig,12. The fuselage which is axisymmetric is divided in 
the rotational plane curve method, and the wing is divided in the 
quadratic shape function method. 664 elements and 616 grid points 
are generated. The number of input cards to IG is '50. 

The second example is a holed plate. A ouarter oF it is divided in 
the plane parallelogram method and the quadratic shape function method. 
It is easy to divide the part near the hole into smaller elements, 
as elements and 195 grid points are generated from 61 input cards. 

The uhird example is a solid structure with the shape of L shown in 
Pig. 14. The characteristic points of this example are inputted using 
three-views, ^ simple structure like this it is not necessary to 
use three-views. 228 elements and 488 grid points are generated 
from 84 input cards. 

The fourth example is also a solid structure as shown in Pig. 15. 

The cylindrical parallelogram method is used. The input cards are 
shown in Pig. 16 and the result which is drawn on XY plotter is shown 
in Pig. 17. 


GONGLUTIINO RTDMARKS 


A.n Automatic mesh generation program was developed for universal 
applicaiinns, in which the structure of arbitrary sViape is divided 
into simple-shape sub-structures which are further divided into elements, 
and then the sub-structures are combined with each other to complete 
dividing the whole structure in mesh. The number of processings necessary 
for data creparation is reduced to several ten times less. The 
characteristic points defining the sub-struc tures can be defined by 
inputting the coordinate values directly and by using three-views. 

In the analysis of complex structure, characteristic points can be 
defined easily by using three-views. 

A new output module was developed to support the function of editing 
outputs, by which the data blocks prepared in DMAP loop can be assigned 
accurately to addresses. 
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Fie. 3 Rotational quadratic 
plane method 
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'^ie.4 Coon’s blendine function method 
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Pig, 5 Plane paralleloerarn 
method 
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Pie, fa Rotational 
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Pig. 7 Cylindrical 

parallelogram method 


Z 



Pig. 8 Rotational olane 
cuT’ve method 
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■'^ie.14 Example 3 
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Pic. 15 Pxaranle 4, A solid column 
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Pie. 16 Input data of Example 4 
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NASTRAN IMPLEMENTATION OF AN ISOPARAMETRIC 
DOUBLY-CURVED QUADRILATERAL SHELL ELEMENT 

By 

A. B, Potvin and R. D. Leick 
Exxon Production Research Company; Houston, Texas 


SUMMARY 


A quadrilateral shell element, CQUAD4* **, has been added to level 15.5 
and subsequently to level 16.0 of NASTRAN. The element exhibits doubly- 
curved surfaces and uses bi-quadratic interpolation functions. Reduced 
integration techniques are used to improve the performance of the element 
in thin-shell problems. Several details of previous authors' (ref. 1) 
work are clarified with respect to the present NASTRAN implementation. 

The creation of several new bulk data items is discussed along with a 
special module, GPNORM, to process SHLNORM bulk data cards. In addition 
to the theoretical basis for the element stiffness matrix, consistent mass 
and load matrices are presented. 

Several potential sources of degenerate behavior of the element are 
investigated. Guidelines for proper use of the element are suggested. 
Performance of the element on several widely-published classical examples 
is demonstrated. The results show a significant improvement over pre- 
sently available NASTRAN shell elements for even the coarsest meshes. 
Potential applications to two classes of practical problems are discussed. 


INTRODUCTION 


Until recently, only the CQUA02 and its analog CTRIA2 were available 
in NASTRAN for analyzing shells of arbitrary geometry. Compared to 
current shell element technology, these elements are subject to the 
following limitations: 

0 Faceted (flat) surface geometry is poorly adapted to model 
curved shapes. 


* After the initial implementation of the new element was completed, the 
authors became aware of a similar proprietary element under develop- 

ment by the MacNeal-Schwendler Corporation which used the name CQUAD4. 
The reader should take care not to confuse these two identically 
named elements, since it is our understanding that the formulation 
and performance are quite different. 
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0 


Lower order polynomials used in membrane formulation cause 
element to be excessively stiff for in-plane deformation. 

0 While the enforced linear variation of the normal slope along 
the sides of the element guarantees interelement compatibility, 
it causes the bending behavior of the element to be quite 
stiff as well . 

0 In problems exhibiting thick shell and/or three-dimensional 
behavior over certain regions, the CQUAD2 element is an 
inadequate model and is difficult to interface with three 
dimensional elements. 

To alleviate these problems development work on the present (CQUAD4) 
element was begun with the intention of implementing it in NASTRAN 
Level 15.5. The efforts were partially successful but full implementation 
was not achieved until NASTRAN Level 16.0 became available last year. 

The choice of the element was primarily influenced by the need to 
accurately represent curved surfaces as well as thick shell/3-D behavior. 
Such extremely accurate elements as Cowper's (ref. 2) and Dupuis' 

(ref. 3) were rejected due to the present authors' preference to adhere 
to the standard six degrees of freedom (dof) preferred by the majority 
of the user community. Although the theoretical development has often 
been presented elsewhere (refs. 1, 4, 5, 6, 7, and 8), we choose to 
repeat enough of the development to clarify certain issues which caused 
difficulty in the present implementation. 
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SYMBOLS (Scalars) 


Values are given in both SI and U,S. Customary Units. The 
measurements and calculations were made in U.S. Customary 
Units. 


a, b Plate edge dimensions 

0 Shell flexural rigidity [Et3/12(l-v2)] 


E 


Elastic modulus 


^li’ ^21’ 

hi' hi 

k 

L 


N^. Cl, n. D 

p 

p 

q 

R 

t . 

1 

U, V, w 


u' , v' , w' 


Ui , V . , w. 


Components of interpolation derivative arrays 

Shear correction factor 
Structure length dimension 
Interpolation function for node 1 
Constant pressure load on element 
Concentrated load magnitude 
Displacement value 
Mean (midsurface) radius 
Thickness at node i 

Translational displacements at a point in basic coordinate 
system 

Translational displacements at a point in local coordinate 
system 

Translational displacements at node i 





Components of unit vector defining local x axis at node i 





Components of unit vector defining local y axis at node i 





Components of the shell normal at node 1 
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X, y, z 


X' , y' , z' 
Xi, y^. z^ 

Pi 


^x'y' ’ "^x* z‘ ’ 
Vyi^i 


^x'x” '^y'y' 


^Z'2' 


Basic cartesian coordinate variables 
Local cartesian coordinate variables 
Basic cartesian coordinates at node i 
Rotational displacements at node i 

Shearing strain components in local coordinate system 
Direct strain components in local coordinate system 


V 

U) 


i, n, ^ 

^x'x' > ‘^y'y' ’ 
P 


Poisson's ratio 

Natural frequency of structure 

Curvilinear coordinate variables 

Curvilinear coordinate at node i 

Direct stress components in local coordinate system 

Shearing stress components in local coordinate system 

Component of transformation matrix 
Mass density per unit volume 
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SYMBOLS (Matrices and Vectors) 


[ALPHA!] 

[BETA!] 

[B'] 

[DELTA!] 

[O'] 

[G-I 

[H^O 

[J] 

[K] 

[M] 

-> 

n 

t 

[N] 
s 

t 


V. 








^ 



Diagonal matrix of nodal thicknesses times local x rotation 

Diagonal matrix of nodal thicknesses times local y rotation 

Strain-displacement relation referenced to local coordinates 

Strain-displacement relation pertaining to node i 

Array of translational displacements at nodes 

Constitutive relation in local coordinate system 

Consistent load vector for element 

Derivative array transformed to local coordinates 

Derivative array transformed to local coc,'di nates per- 
taining to 3/9C operator 

Jacobian matrix relating (x, y, z) and (4, n> O systems 

Element stiffness matrix referenced to basic coordinates 

Element mass matrix referenced to basic coordinates 

Third row of Jacobian - Interpolated value of nodal normals 

Vector of nodal interpolation functions 

Array of nodal interpolation functions 

First row of Jacobian - vector tangent to surface 
C = const 

Second row of Jacobian - vector tangent to surface 
^ = const 

Unit vector tangent to surface 4 = const, defining local x' 
axi s 

Unit vector tangent to surface 4 = const, defining local y' 
axis 

Unit vector normal to surface 4 == const, defining local z' 
axis 

Unit vectors defining local tangent coordinates at node i 


151 



[VITAN] 

[V2TAN] 

[V3N0RM] 

[XCOORD] 

i 

t' 

[ 6 ] 

a' 

[<^3 

[fi] 


Vectors defining the coordinate system for nodal rotations 

Array of local x direction vectors at nodes 

Array of local y direction vectors at nodes 

Array of shell normals at nodes 

Ar.’iy of nodal coordinates 

Displacement dof at node i 

Collection of nodal displacement vectors 

Strain components in local coordinates 

Local/global transformation matrix (direction cosines) 

Stress components in local coordinates 

Transformation from (x', y’ , z') system to (4, n> O 
system 

Differential operator matrix for computing strains 
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THE STIFFNESS MATRIX 


Basic Assumptions 

Figure 1 shows the geometry of a typical element. The curvilinear 
coordinate system (|, n. C) is used where | and n lie in the middle 
surface of the element while ^ is directed through the thickness. Each 
of these coordinates is allowed to vary from -1 to +1 on opposite faces 
of the element. We adopt the customary assumption of shell theory that 
the strain component in the thickness direction is neglected 

compared to the other strains. The input items describing the element 
geometry include the basic coordinates at each of the eight mid-surface 
nodes (GRID cards) plus the vectors normal to that surface at each node 
(SHLNORM cards). The length of each normal vector is taken to be the 
thickness at that node. The thickness is interpolated quad^atical ly over 
the element. At present only homogeneous, isotropic, materials (MATl 
cards) are allowed. The element is not available for heat transfer 
problems nor are thermal load vectors calculated. 


Interpolation Functions 

The nodal coordinates are related to the basic coordinates by the 
equation: 


where 



[XCOORD] 


t + I • [V3N0RM] • t 




Xi 

Xg . . 

• • ^8 

[XCOORD] 

= 

^1 

^2 • ■ 




^1 

L_ 

h * • 

. . Zg 



^3x 

3x ■ • 

V®" 

^3x 

[V3NQRM] 



'^3y * ■ 

•• < 



_''3Z 

yZ 

^32 ' • 

• ■ vL_ 

It 

A 

"l 


* . « . 



( 1 ) 


Details of the biquadratic interpolation functions (Ni) and their deriva- 
tives are given in Appendix A. 
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Thf=^ translational displacements are chosen as u, v, and w in the x, 
y, and z directions respectively. Two rotations, ck^. and p., are defined 

about the local axes, and v^^. , tangent to the mid-surface at each 

node (i). The choice of these two local axes is discussed in Appendix B. 

We may relate the nodal displacements to the continuous displace- 
ment representation in a manner analagous to equation (1). 


where 



[DELTAT] • t\ + I 


[VITAN] • [ALPHAT] • 


- I • [V2TAN] • [BETAT] • (2) 


[DELTAT] 


[VITAN] 


[V2TAN] 


[ALPHAT] 


'^1 

u^ .... 

^8 


V2 .... 

"8 


W2 .... 

_ 

1 

0 

8 

'^ix 

vT„ .... 

Xa 

1 

2 

8 

^ly 

"'ly ‘ • 

'ly 

1 

2 

,8 


V- .... 

Iz 

lz_ 

~ 1 

2 

8 n 

'^2x 

''2X • • • • 

V.,.. 

£n 

.,1 

.,2 

„8 ! 

2y 

V2y . . . . 

'^2y 

.1 

..2 

3 

^2z 

'^2z * • ' • 

'^2z 


0 .... 

0 

0 

“2^2 ' • • • 

0 

* 

• 

. 

• 

• 

. 

• 

• 

• 

0 

0 .... 

“8^8 
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[BETAT] 


hh 

0 


0 . 


0 

0 
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Coordinate Transformations 


T^?e relation between the curvilinear coordinates (|, q, O the 
basic coordinates (x, y, z) is commonly called the Jacobian, [J] , defined 
as: 



”ax/a| 

By/9^ 

az/34" 

i t 

[J] = 

ax/3q 

ay/aq 

az/3q 

) t 


ax/a^ 

dy/dt 

az/a^_ 



(3) 


Using equation (1) we can write out these expressions as: 

{ ax/a^) 

s = ■jay/aei = [Xcoord] • a'^/a^ + | • [vsnorm] • ai^/a4 (4) 

(az/a^) 

( ax/an ] 

t = < ay/aq > = [XCOORD] • a'^/0q + | • [V3N0Rh, • aS/Dq (5) 

( az/aq ) 

( ax/ac ) 

n = < ay/aC ? = ? ' [V3N0RM] • (6) 

( dz/dt ) 

where a'^/3| = < 3N^/a4 ^Ng/a^ . . • 3Ng/a4 > ^ 
ai^/oq = < 3N^/aq aNg/Bq • . ■ aNg/3q > ^ 


The explicit forms of aNi/a^ and aNi/3q are given in Appendix A. 

Physically the s and t vectors may be considered tangent to the surface 
^ = constant, while the n vector is merely the interpolated value of the 
node normals and may not be exactly normal to that surface at the position 

(L n, C). 
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Perhaps the most confusing point of the cited references is the use 
of still another local coordinate system for definition of the stresses 
and strains. The need for this additional (x* , y‘ , z‘) system arises 
from the definition of the basic shell assumptions (particularly the 
neglect of the througirthe-thickness direct strain, We vn'sh to 

define, at any point in the element, a local (z') axis which is normal 
to the surface ^ = constant along with two other orthogonal axes (x' , 
y') which are tangent to that surface. Since we tiave previously deter- 
mined that s and t are tangents to the surface, we can determine a 
normal vector as: 




= S X t 

(7) 

and 

V 

n 

= ^ /{^ \ 
n ' n ‘ 

(8) 


The other two unit vectors defining the local axes (v and v.) are 
computed in a manner analagous to that given in Appendix B. Thus, x' is 
measured along the v vector, y' is measured along the v. vector, and z' 
is measured along the v^ vector. We can define the transformation [0] 



and 



( 11 ) 


The Strain-Displacement Relation 


Using the newly developed local system and noting that e i i is 
neglected, we write the basic definition; ^ 


/ £ i V/ 1 1 

9/ax’ 

0 

0 

x*x I 




j ^y'y' / 

0 

a/ay' 

0 

\ Yx'y’ / 

8/3y' 

a/ax' 

0 

N 

X 

a/8z' 

0 

a/Dx‘ 

\v.; 

0 

a/az' 

a/ay‘ 


(12) 
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ORIGINAL PAGE IS 
OF POOR QUALITY 


We make use of equations (10) and (3) to develop the relation 

p/3x'' 


< 3/3y' 

Id/dz' 


(9/axJ I a/an 

= [ 0 ]"^ <a/ay> = [9]"^ [J]"^ <a/an> 
(a/az) (a/as) 


(13) 


Define 


[<!>] = [0]^ [J]‘^ 


(14) 


Where [0] ^ is equal to [0]^, since [6] is defined to be an orthonorraal 
matrix. Then [(|>] will have the form: 




11 


‘t' 


12 


‘'21 


‘22 


4' 


31 


<t> 


32 


33 


(15) 


A complete derivation of the terms in [ij)] is given in Appendix C. 

However, [J] ^ is best evaluated numerically at each integration point 
and cannot be written out explicitly. We combine equations (13), (14), 
and (15) with (12) to arrive at: 


P 


3/3£ + (1.^2 3/^n 

0 

0 

0 

(1>23^ a/a4 + <1>22 

0 

23^ B/di + <t>22 3/3'l 

a/34 + i)^2 

0 

>3^ 3/34 + >t>32 3/91 

0 

3/34 + 

+ '1>33 9/9t 




3/3| + <1.32 a/an 

<i>33 a/3^ 




\v' 

(W, 


*^21 ^22 


(16) 


Finally we use (11) along with (2) to substitute the appropriate expres- 
sion for the displacements < u' v' w' > 


V = [Q] [6]^[DELTAT] • t + [a| 


[0]^ • [VITAN] • [ALPHAT] • $ 


- [n] • [0]^ - [V2TAN] • [BETAT] • t 


L 

2 


(17) 
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By carrying out the indicated operations to allow ;^he differential 
operator [n] to appropriately interact with ^ and N and by rearranging 
terms, we arrive at the relation; 

e' = [B'] S (18) 

where ^ = < 3^ ... ^ ^ 

and 3 . = < u. V. w. o. > ' 

1 1 1 1 1 '^1 

The explicit form of [B'] is shown in Appendix D. 

The Stress-Strain Relation 


Again referring to the primed local coordinates, the constitutive 
law is: 


ff’ = [O'] P 


a = < a I I a I 
x'x' 


where 

and (for a homogeneous isotropic material): 


y.y. X^.y, X 


[D'j = 


1“ V 


V 


V 

1 


0 0 
0 0 


0 

1-v 

2 

0 

0 


0 

0 


1-v 

2k 


0 


f I 


y‘z 

0 

0 

0 

0 

l-V 

2k 


(19) 


( 20 ) 


Here k is used to improve the shear representation. The displacement 
assumption causes the shear to be constant through the thickness, whereas 
the proper distribution is closer to parabolic. The ratio of the strain 
energies of the two distributions (parabolic/constant) is 1.2 which is 
substituted for k. 


The Element Stiffness Matrix (Subroutine KQUAD4) 

The standard virtual work arguments lead to the stiffness computation 
as follows: 


[K] = / [B*]'’’ [D'l [B'l dVol (21) 

Vol 

The usual volumetric measure is dx dy dz. Here the variables of integra- 
tion are rt» arid 4- The conversion of the cartesian volume to the 
curvilinear volume is via the Jacobian. Thus, 
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dVol = dx dy dz = det [J] d^ dq d^ 


( 22 ) 


111 

So [K] = J ; ; [B-]^ [D'l [B'] det [J] d| dn dt (23) 

-1 -1 -1 

The integration is carried out numerically using two Gauss points in 
each direction. While capable of properly integrating the element's 
volume, this "reduced" integration is not sufficient to exactly evaluate 
the complex polynomials produced by equation (23). This implies that, 
while ultimate convergence is assured, the behavior will not be either 
bounded or monotonic. However, several authors (ref. 4 and 9) have 
shown that, by purposely underestimating the energy, the performance of 
the element is enhanced. By taking [J] and [0] to be invariant through 
the thickness, it is possible to explicitly carry out the integration in 
We choose not to do so, however, in order to ensure complete gen- 
erality of the formulation for both thin and thick shell cases. 

Stress Recovery (Subroutines SQUD41 and SQUD42) 

Once the elements are assembled and the system equations solved for 
the displacements, the user needs to know the element stresses as well. 
Combining equations (18) and (19) with o now known, we obtain: 

a' = [O'] [B-] 3 (24) 

Recall however that, in general, [B‘] is a function of the curvilinear 

coordinates (4. Hi O- a' is therefore also a function of these coor- 
dinates, so we must choose which points we will use for stress evalua- 
tion. It is known that the numerical integration points are the best 
"samples" of the overall element stress field. Unfortunately the values 
of ^ = ±0.57735 do not give the maximum stresses through the thickness 
if bending is present. We have compromised to select the eight points 
given by | = ±0.57735; q = +0.57735, and ^ = ±1.0 to allow evaluation of 
the stresses at the top and"*bottom surfaces of the element (c.f. diagram 
in Appendix A). Since the values of ^x'y'* evaluated 

in the (x' , y' , z') local system, the stress directions may not be mean- 
ingful to the user. Consequently, the principal stresses (a^, a^, and 

^max^ are also calculated and form the additional portion of each line 

cf output. 


THE CONSISTENT MASS MATRIX (Subroutine MCQUD4) 


For simplicity we will neglect the rotational inertias associated 
with the a and p degrees of freedom. This assumption is particularly 

^Notice that i and ^re zero on the top and bottom surfaces. 
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appropriate for thin and moderately thick shells. It allows us to 
reference everything to the mid-surface = 0), In particular: 


[M] 

= 

/ P [N]’’’ [N] 
Vol 

dVol 





(25) 

Choosing p - 
1 

; ds H t) 

-1 

constant and making 

use of 

the 

above 

assumption 

(i 

.e. 

[Ml 


P f t [HV [N] 
A 

dA 





(26) 



"n^ 0 0 

“2 

0 

1 

0 ' 
1 

1 

1 

1 

^8 

0 0 

where [N] 

= 

0 0 

0 

^2 

j 

0 1 
1 

1 

) 

0 

Nq 0 



0 0 N^ 

0 

0 

Nj ; 
1 

t 

1 

* 

0 

0 Ng 


L_ I ' ' . 

In general p may be allowed to vary quadratically over the element in a 
manner similar to the thickness. This feature is not required for most 
cases of interest. 


Since ^ = 0 on the midsurf ace, we must resort to the device of 
computing the unit area in curvilinear coordinates as (using equations 
(4) and (5)); 

dA = dx dy = |s x t| d| dq (26) 

)^here js x t| may be interpreted as the projection on the normal vector 
v^ of the normal vector associated with infinitesimal area, dx * dy. 

Thus, 

[M] = p ; ; t [N]' [N] Iv I d| dn (2?) 

-1 “1 ” 

In this case the full three-point Gauss integration must be used to 
properly evaluate the expression. 


THE CONSISTENT LOAD VECTOR (Subroutines PL0AD4 and PWORK) 


We derive the expression for a constant pressure (p) normal to the 
mid-surface of the element. As before, a quadratic variation of the 
pressure would cause no inherent difficulties. The development is 
entirely analogous to that used for the consistent mass matrix. Thus, 
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(28) 


1 1 - T ^ 

^ - p ; ; [N]' V d4 dn 

“1 “1 " 

Again, Lhe three-point Gauss rule is used to evaluate the expression. 

SPECIAL NASTRAN CONSIDERATIONS 


New Bulk Data Cards 

Three new Bulk Data cards have been added to NASTRAN in conjunct'^on 
with the new element. They are: 

CQUAD4 “ describing the element connectivity 
PL0AD4 ” specifying the elements to which constant pressure (p) 
is applied at the mid-surface 

SHLNORM - inputting the direction vector of the normal to the shell 
surface at each grid point. 

A complete description of each of these items is found in Appendix E. 
Module to Process She:~ Normals ^ 

A new module, GPNORM, has been coded which converts the "external" 
grid point ID's on a SHLNORM card to the appropriate internal SIL's. 

The module also transforms the normal vector into the basic coordinate 
system for the problem and writes the results on the output data block 
SHLNRM. The DMAP calling sequence for the module is: 

GPNORM GE0M1,EQEXIN,BGPDT,CSTM / SHLNRM $ 

GPNORM must be added to the DMAP rigid format immediately prior to the 
TAl module. SHLNRM must be added as the final input data block of TAl. 


Augmented ECPT and EST Data Blocks’^ 


The make up of the EST (and by analogy the ECPT) for the CQUAD4 
element follows the standard format for the first 43 words. 


Word 


Contents 


1 Element ID 

2 Material ID 

3-10 8 Grid Point SIL's 

11-42 8 sets of Grid Point CSID's 

plus basic x, y, z coordinates 
43 Element Temperature 

The idea to use GPNORM to process the shell normals as well as the 
technique for augmenting the ECPT and EST data blocks is credited to 
Miles Hurwitz of NSRDC. 
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The formulation of the element requires the components of the shell 
normals. These must be appended to the EST by subroutine TAIA. 

44-67 8 sets of x, y, 2 components of 

the shell normals in basic 
cQordi nates 

Subroutine TAIB performs a similar augmenting process for the ECPT data 
block. 


VERIFICATION 


Consider the limiting case of a square, simply supported flat plate*^ 
subjected to two load conditions, 1) a central load normal to the plate 
and 2) a uniform normal pressure. Figure 2 indicates that excellent 
convergence to the Timoshenko (ref. 10) result can be obtained with a 
1 X 1 or at most a 2 x 2 grid. Note, however, that the usual bound 
theorems are not available with this particular element due to the use 
of reduced integration. 

The next step in analytical complexity is /..presented by the prob- 
lem portrayed in Figure 3, a pinched cylinder with free ends,^ Accord- 
ing to Timoshenko, the radial deflection at the point of application of 
the load, for the geometry given, should be -2.76 mm (-0.1087 in.). 
Timoshenko's result is based on an assumption of inextensional deforma- 
tion which neglects the middle surface strain of the shell. The CQUAD4 
element gives a slightly higher result of -2.89 mm (-0.1139 in.) for a 
325 degree of freedom model of one-eighth of the cylinder. Cantin and 
Clough (ref. 11) predict a deflection of -2.87 mm (-0.1128 in.) using a 
cylindrical shell element model with 1200 degrees of freedom for one- 
eighth of the cylinder. Therefore, the CQUAD4 element, although not 
monotonic in convergence, does give excellent results for a minimum 
number of degrees of freedom. 

An example problem which has become a classic for checking the 
response of shell -type elements is shown in Figure 4. The example is a 
cylindrical shell roof loaded by its own weight.* The ends of the shell 
are supported by diaphragms and the sides are free. It should be noted 
that two "exact” solutions have been quoted by various researchers. 

These two solutions may be attributed to Scordelis and Lo (ref. 12) and 
Cowper, Lindberg, and Olson (ref. 2). 

Scordelis and Lo based their calculations on the theory of Gibson 
(ref. 13) essentially using shallow shell equations. Cowper, Lindberg, 
and Olson claimed that the shallow shell approximations were not used 
consistently when particular loadings were considered. They expanded 
the trigonometric representation of the load variation up to second 
order within each element by means of a Taylor Series. In addition 

*When proper symmetry conditions are applied, only 1/4 or 1/8 of the 
entire structure need be modeled in each of these cases. 
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Cowper, et al. performed the integration of both the stiffness and load 
matrices over the area of the actual shell surface. Hence, the primary 
difference between the two "exact" solutions is the manner in which the 
consistent load matrices are formulated. Ihe formulation of the present 
element follows more closely the tei-hud of Scordelis and to and hence 
will be compared to their "exact" soluti'^ 

Table 1 gives the computed displacements based on the grids defined 
in Figure 4. Note that excellent conve’''gence is obtained. Figure 5 
compares the predictions of the CQUAD4 element with the CQUAD2 element 
as well as slightly different formulations of the CQUAD4 element in the 
MARC (ref. 14) and SUPERB (ref. 15) finite element programs. Based on 
the results indicated in Figure 5 the CQUAD4 element is judged to be the 
most accurate. 

To demonstrate the applicability of the CQUAD4 element in modeling 
dynamics problems, consider the rectangular cantilever plate vibration 
problem reported by Zienkiewicz (ref. 16) (see Figure 6). Compared in 
Figure 6 are test results by Plunkett (ref. 16) and finite element pre- 
dictions based on a non-conforming triangle by Zienkiewicz and results 
from the CQUAD4 element. Note that even the two element idealization 
with the CQUAD4 element gives excellent results for the first four 
modes. 


POTENTIAL SOURCES OF ELEMENT DEGENERACY 


Three potential sources of element degeneracy were investigated. 

The first, non-rectangul arity of the mesh, is illustrated in Figure 7. 

One quarter of a simply supported flat plate subjected to uniform pres- 
sure was modeled as shown with angular "offsets" or variations in the 
mesh rectangul arity of up to 30°. As indicated in Figure 7 by the 
displacement prediction for the center of the plate, variations of up to 
20° resulted in only 2% variation in deflection compared to the regular 
rectangular grid. The 30° variation resulted in a 7% difference. It 
would appear from these results that, for most applications, non- 
rectangul arity will not have a significant effect on the results. How- 
ever, care should be taken to maintain small angle variations of less 
than 30° as good practice. 

The second potential source of degeneracy investigated was the shell 
thinness ratio, t/R. A pinched cylinder example was once again selected 
and the t/R ratio varied from 0.1 to 0.0001 as shown in Figure 8. By 
examining the product of the radial deflection at the point of load 
application and the flexural rigidity of the shell it is evident that no 
numerical instability exists even for very thin shells. Notice that for 
thicker shells (e.g. t/R > 0.1) Timoshenko's assumption of thin shell 
behavior is increasingly violated and some deviation of the finite 
element results from the classical solution is obtained. 
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The third potential source of element degeneracy to be investigated 
was similar to the mesh non-rectangularity of the flat plate problem. 
This example considers the event of a mi.salignment of the edges of the 
element with the directions of principal curvature in a shell idealiza- 
tion, Such a discretization may necessarily occur as a result of com- 
plex intersections of several shell elements. The pinched cylinder 
problem discussed previously was chosen as a simple limiting case. A 
2x2 grid was selected for one-eighth of the cylinder and symmetry 
conditions were enforced. The element edges in the circumferential 
direction were allowed to vary from the direction of curvature as shown 
in Figure 9. The authors found that the radial deflection at the point 
of load application was virtually unaffected for the cases examined. 

It may be concluded that, based upon the previously described 
investigations regarding element degeneracy which could possibly result 
from potential misuse, the CQUAD4 element appears to be exceptionally 
stable. Care should be used, however, in maintaining "relatively" 
rectanguloi’ element configurations. 


APPLICATIONS 


At least two potential sources of application for the CQUAD4 ele- 
ment exist in the offshore industry. Offshore drilling and production 
platforms are typically either a space frame of tubular members, commonly 
called a steel jacket structure, or a reinforced, prestressed concrete 
structure, commonly called a gravity structure. The welded intersec- 
tions of tubular members in a steel jacket are called tubular joints and 
represent sources of potential fatigue problems due to high stress 
concentrations. The CQUAD4 element represents a significant increase in 
computational accuracy compared to the CQUAD2 element for conducting 
stress analyses of these tubular intersections. 

The reasons for the improved accuracy are two-fold. The curved 
surface of the CQUAD4 element is its most obvious advantage. It was 
often necessary to use excessive CQUAD2 elements in otherwise coarse 
mesh regions of the joint model just to approximate the cylindrical 
geometry. An extremely important but less obvious advantage of the 
CQUAD4 element is its higher-order representation of the displacements, 
strains, and stresses, without having to expend any additional degrees 
of freedom. This advantage manifests itself in the degree of mesh 
refinement required to achieve a given level of accuracy. Whereas a 
FINE or EXTRA FINE mesh was requirea to achieve acceptable results using 
CQUAD2 elements (c.f. reference 17), a COARSE or MEDIUM mesh of CQUAD4 
elements is sufficient. Such a typical mesh is shown in Figures 10 and 
11 for a T-Joint and a K-Joint respectively. The mesh was automatically 
generated using the TKOOINT program described in reference (17). That 
program has recently been recoded to allow generation of the appropriate 
SHLNORM bulk data cards at each substructure grid point. 
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It should be pointed out that the CQUAD4 element does not specifi- 
cally address the problem at the intersection line of the tubular mem- 
bers. Here the question is not whether the local behavior is more 
closely approximated by thin-shell or thick-' hell theory, but how best 
to provide a transition to the three-dimensic./u' state of stress which 
exists and how to include the weld geometry. Again the CQUAD4 element 
has an advantage over the CQUAD2 since it has been derived from a 20- 
node hexahedron. If a mesh of these 20-node elements is designed for 
the locality of the intersection, the transitional behavior between the 
CQUAD4 and the CIHEX2 should be smooth due to tne compatibility of the 
basic interpolation functions. Unfortunately the transition between the 
two element types will still require a rather complex set of MFC's to be 
generated and this problem has not been adequately addressed at the time 
of publication. 

The second source of potential application regards the structural 
modeling of the relatively thick shell cylinders and panels which com- 
prise the base and towers of gravity structures (see Figure 12). Sec- 
tion A-A in Figure 12 illustrates the shell connections where the pres- 
ent element could be used. The individual cells are on the order of 
20 meters in diameter and from 0,5 meters to 1.0 meters thick. The 
CQUAD2 element would be incapable of accurately modeling the structural 
behavior associated with this geometry. The CQUAD4 element provides the 
possibility of coupling with the CIHEX2 element to perform global 
stress analyses of these structures. 
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APPENDIX A 


The biquadratic interpolation functions are well-known throughout 
the literature. They are repeated here along with their derivative 
forms only for the sake of completeness. 



Node 


n 

t 

Integration 

Point 

e 

n 

c 

1 

-1 

-1 

0 

A 

-0.57735 

-0.57735 

+0.57735 

2 

1 

-1 

0 

B 

0.57735 

-0.57735 

+0.57735 

3 

1 

1 

0 

C 

-0.57735 

0.57735 

+0.57735 

4 

-1 

1 

0 

D 

0.57735 

0.57735 

+0.57735 

5 

0 

-1 

0 



G 


6 

1 

0 

0 





7 

0 

1 

0 





8 

-1 

0 

0 






166 




Corner Nodes (i =1, 2, 3, 4) 



N. - ~ (1 + (1 + nn^) + nn^- “ D 

(A"l) 


9N/9I = ^ (1 + nOi) (2^1- + nnp 

(A-2) 


9N./an = 1 n^- d + lip (II,- + 2nnp 

(A-3) 

Midside 

Nodes with =0 (i =5, 7) 



N,. = 1 (1 - 1^) (1 •»• nnp 

(A-4) 


du./di = - 1 (1 + nn,-) 

(A-5) 


3H./dr] = 1 n,- (1 - 1^) 

(A-6) 

Mi dside 

Nodes with n,- = 0 (i = 6, 8) 



N. = p(i + it,) Cl - n^) 

(A-7) 


9N/9I = 1 1,. (1 - n^) 

(A-8) 


9Np3n = - n (1 + lip 

(A-9) 
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APPENDIX B 


At each node we are given the vector which is normal to the 
midsurface at that point. With reference to the basic (x, y, z) coordinate 
system, let i = (1 0 0) and j = (0 1 0). Choose . = i x V,.. which 
makes V, . perpendicular to and the x axis. If is parallel to 
i, then choose V^. = j x to remove the ambiguity. The third vector 
of the triad is then ^ 2 -j " '^ 3-1 ^ 

To compute the coordinate system transformation matrix, ■. i normal- 
ize the components of each vector by its scalar length and form the set 

["li ^2i 




'li' I'li 
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APPENDIX C 


Equations (3-6'' define the components of the Jacobian as: 


[J] 



v\ 

f) 


The schematic form of the inverse may be written as; 


(C-1) 


[J]"^ = detTj] ^ ^ 


Equations (7-9) define the local transform [0] as 


[ 0 ] 



(C-3) 


where was computed as the normal to the surface ^ = const by taking 
s X t/|s X t| and v as well as v. were defined to be perpendicular to 
v^. It is therefore clear that v^ and will lie in the same plane as 
s and t but that may not in general be considered parallel to n. 

T -1 

Consider the computation of [t|)] = [0] [0 ] 



[(t X n) (n X s) (s x t)] 


(C-4) 


1 

det [J] 



n 


(t X n) 
(t X n) 
(t X n) 


v^ • (n X s) 

-> T f'*' ~ 

• (n X sj 

f 

Vj^ ‘ (n X s) 


T 

v 

s 

“J 


(s X I) 
(5 X t) 
(S X t) 


(C“ 


Now we know that (s x t) = '5 = • v . Therefore, since the dot 

n ' ni n T ’ ^ 

product of perpendicular vectors is zero, we have v^ • (s x t) a 0. 

This completes the derivation of [ct*]. Notice that the terms and 

i)' are not set to zero as was done in reference (4). The only time 

that these terms would be zero is when the vector n is exactly normal to 
the surface at the point ( 4 , q, C)- This event will only occur in the 
case of flat plates. The consequence of neglecting these two terms is 
to introduce an imbalance in the moment equilibrium of the shell (c.f. 
ref. 18). 



APPENDIX D 


We choose to divide the [B‘] matrix into the following nodal 
partitions: 


-> 

e 


t 



B 


2 



(D-1) 


We shall write out the expression for a typical partition [Bl] by 
rearranging appropriate terms from equation (17): 


[b;.] = 

(fi] N. 

i [e]^ 

^ [fi] N. 

'^1 

i 5r 

[Q]"^ V. 

Define 

Sli 

= ‘*'11 

3N./a4 

+ fl2 

3N^/3n 


92i 

= ‘>’21 

3N/34 

* hz 

3N^./3n 


9si 

= ‘>’31 

9N./34 

* *32 

3N-/3n 


*^3i 

= ‘>’33 






CD-3) 


Sc 


[G^.] = m N. 


li 

0 

O’ 


92i 

0 

'2i 

9li 

0 

'3i 

0 

91i 

1 

^3i 

92i 


(D-4) 
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Fi nal ly , 


(D'5) 


[B\] = [G.] [0]' + ^ it [G.3 + [0]"’' V ■ F 
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APPENDIX E 


BULK DATA DECK 


Input Data Card CQUAD4 Quadrilateral Element Connection 


Description : Defines a homogeneous quadrilateral membrane and bending 

element (QUAD4) of the structural model. 


Format and Example : 


1 2 3 4 56789 10 


CQUAD4 

EID 

MID 

G1 

G2 

G3 

G4 

G5 

G6 

abc 

CQUAD4 

72 

13 

13 

14 

15 

16 

21 

22 

ABC 

+bc 

G7 

G8 

TH 



' 



■ 

+BC 

23 

24 

29.2 








Field 

Contents 

EID 

Element identification number (Integer > 0) 

MID 

Identification number of a MATl material card (Default is 
EID) (Integer > 0) 

G1,G2,G3,G4 

G5,G6,G7,G8 

Grid point identification numbers of connection points 
(Integer > 0; G1 7 ^ G2 G3 G4 G5 ?£ G6 5 ^ G7 G8) 

TH 

Material property orientation angle in degrees (Real) 
The sketch below gives the sign convention for TH. 
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R emarks : 

1, Element identification numbers must be unique with respect to a1 1 
other element identification numbers. 

2, Grid points G1 through G4 are corner nodes and must be ordered 
consecutively around the perimeter of the element in a counter 
clockwise direction. G5 through GS are midside nodes and must have 
similar ordering where: 

G5 lies between G1 and G2 
G6 lies between G2 and G3 
G7 lies between G3 and G4 
G8 lies between G4 and G1 

3, The continuation card must be present. 
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BULK DATA DECK 


Input Data Card PL0AD4 Pressure Load 


Description : Defines a uniform static pressure load applied to two- 
dimensional elements. Only QUAD4 elements may have a pressure load 
applied to them via this card. 


Format and Example : 


1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

PL0AD4 

SID 

P 

EID 

EID 

EID 

EID 

EID 

EID 


PL0AD4 

21 

“3.6 


4 



16 


2 




Alternate Form 


PL0AD4 

SID 

P 

EIDl 

"THRU" 

EID2 

1 



■ 

PL0AD4 

1 

30.4 

16 

THRU 

48 






Field Contents 

SID Load set identification number (Integer > 0) 

P Pressure value (Real), positive pressure value indicates 

pressure in the negative normal direction. 

EID 

EIDl Element identification number (Integer > 0; EIDl < EID2) 

EID2 


Remarks : 

1. EID must be 0 or blank for omitted entrys. 

2. Load sets must be selected in the Case Control Deck (L0AD=SID) to 
be used by NASTRAN. 

3. At least one positive EID must be present on each PL0AD4 card, 

4. If ^he alternate form is used, all elements in the range EIDl 
through EID2 must be present. 


174 











5. The "work equivalent" load vector is computed for each element 
using the relation 


1 1 y 

? = P J / [N] ' V det [J] d| dn 
"1 -1 " 


6. All elements referenced must exist. 
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BULK DATA DECK 


Input Ddta Card SHLNQRM Shell Normal 


Description : Defines the direction of a normal to the shell of the 

structural model . 


Format and Example : 


1 

2 

3 

4 

5 

6 

7 

8 

9 

10 


ID 

CP 

XI 

X2 

X3 





SHLNORM 

2 

3 

1.0 

2.0 

3.0 






Field Contents 

ID Grid point identification number (0 < Integer < 999999) 

at which this normal is located. 


CP Identification number of coordinate system in which the 

shell normal is defined (Integer > 0 or blank ). 

X1,X2,X3 Components of the shell normal in coordinate system CP 

(Real ). 


Remarks : 

1. All grid point identification numbers must be unique with respect 
to al 1 other structural, scalar, and fluid points. 

2. The meaning of XI, X2 and X3 depend on the type of coordinate 

system, CP, as follows: (see C0RD card descriptions). 


Type 

XI 

X2 

X3 

Rectangular 

X 

Y 

Z 

^ ylindrical 

R 

©(degrees) 

Z 

Spherical 

R 

©(degrees) 

t{>(degrees) 
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TABLE 1. D!SPLACEMENT CONVERGENCE FOR CYLINDRICAL SHELL ROOF 


GRID 

Va 

Wb 


Wc 


1 X 1 

-0.226 

-9.609 

-5.413 

1.801 

cm 


-0.089 

-3.783 

-2.131 

0.709 

in. 

m 

-0.368 

-8.966 

-4.752 

1.313 

cm 

■■ 

-0.145 

-3.530 

-1.871 

0.517 

tn. 

3x3 

-0.381 

-9.241 

-4.279 

1.346 

cm 


-0.150 

-3.638 

-1.921 

0.530 

in. 

4x4 

-0.381 

-9.208 

-4.854 

1.379 

cm 


-0.150 

-3.625 

-1.911 

0.543 

in. 

EXACT 

-0.384 

-9.406 

-4.986 

1.334 

cm 


-0.150 

-3.703 

-1.963 

0.525 

In. 
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FIGURE 1. ELEMERIT GEOMETRY AND LOCAL COORDINATE SYSTEMS 




FIGURE 2. CONVERGENCE STUDY FOR SIMPLY-SUPPORTED FLAT PLATE 



E = 69.4 KN/mm^ (1.0 x 10^ psi) 
p = 0.3 

a = b = 254 mm (10 in.) 
t = 2.54 mm (0.1 in.) 

P = 178.4 N (40 ib.), 6.94 KN/m^ (1.0 psi) 



VERTICAL DEFLECTION AT CENTER 

GRID 

CENTRAL LOAD 

UNIFORM PRESSURE 


mm 

in. 

mm 

in. 

1 X 1 

-1.286 

-5.062 X 10'^ 

-1.214 

-4.778 X 10'2 

2x2 

-1.284 

-5,054 X 10'^ 

-1.142 

-4.498 X 10'^ ) 

3x3 

-1.294 

-5.095 X 10*^ 

-1.J43 

-4.50 X 10'^ 

4x4 

-1.295 

-5.098 X 10'^ 

-1.139 

-4.483 X 10"^ 

TIMOSHENKO 

-1.287 

-5.068 X 10'^ 

-1.128 

-4.44 X 10'^ 


ORIGINAL PAGE IS 
Oi’ Pugh quality 
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FIGURE 3. CONVERGENCE STUDY FOR PINCHED CYLINDER PROBLEM 



E = 72.9 KN/mm^ (10.5 x 10® psi) 
= 0.3125 

R = 125.8 mm {4.953 in.J 
L = 262.® mm (10.35 in.) 
t = 2.39 mm {0.094 in.) 

P = 445.9 IM (100 ib.) 


GRID 

DOF 

(TOTAL) 

RADIAL DISPLACEMENT 
AT POINT D 

mm 

in* 

1 X 1 

40 

-2.517 

-0.991 X 10"'’ 

2x2 

105 

-Z753 

-1.084 X 10‘^ 

3x3 

200 

-2.863 

-1.127 X 10'^ 

4x4 

325 

-2.893 

-1.139 X 10*'' 

TKV'OSHENKO 


-Z761 

-1.0S7 X 10*'’ 





FIGURE 4. MESH CONFIGURATIONS FOR CYLINDRICAL SHELL ROC 



ORIGINAL PAG® 
OP POOR QUALriy 


FIGURE 5. ELEMENT CONVERGENCE COMPARISON 
FOR CYLINDRICAL ROOF PROBLEM 


VERTICAL 
DISPLACEMENT 
AT CENTER OF 
FREE EDGE 


in cm 



TOTAL DEGREES OF FREEDOM 
FOR Vc. MODEL 



FIGURE 6. FREE VIBRATIOM OF A CANTILEVER PUTE 



E = 208.3 KN/mnr (3.0 x 10^ psi) 
V - 0.3 

e = 7.85 (0.283 Ib/in^) 

L = 50.8 min (2.0 in.) 
b = 25.4 mm (1.0 in.) 

T = 2.54 mm (0.1 in.} 


— “ 1 

D/ptL^ 


EXPERIMENTAL 

NON-CONFORMING TRIANGLE 



MODE 

(PLUNKETT) 

ZIEN KIEWICZ 

CQUAD4 ELEMENT 



2x1 

4x2 

2x1 


1 

3.50 

3.39 

3.44 

3.4-5 

3.43 

2 

14.50 

15,30 

14.76 

14.64 

14.43 

3 

21.70 

21.16 

21.60 

22.63 

21.30 

<J 

48.10 

49.47 

48.28 

49.79 

46.82 

5 

60.50 

67.46 

60.56 


60.55 

6 

92.30 


88.84 


90.76 

7 

92.80 


92.24 


97.17 

8 

118.70 


117,72 


123.05 

9 

125.10 


118.96 


130.23 

10 

154.00 






"Z. 

d 
















FIGURE 7. DEGENERACY RESULTING FRONI NON-RECTANGULARITY 





b 


♦ 




E = 69.4 KN/mm® (1.0 x 10^ psi) 
V = 0.3 

a = b = 254 mm (10 in.) 
t = 2.54 mm (0.1 in.) 

P = 6.94 KN/m^ (1.0 psi) 


GRID 

VERTICAL DISPLACEMENT 
AT POINT D 

mm 

in. 

RECTANGULAR 

-1.143 

-4.498 X 10"^ 

10“ OFFSET 

-1.145 

-4.506 X 10'^ 

20“ OFFSET 

-1.118 

-4.403 X 10'^ 

30“ OFFSET 

-1.059 

-4.169 X 10'^ 

TIMOSHENKO 

-1.128 

-4.44 X 10“^ 




FIGURE 8. DEGENERACY DUE TO THINNESS RATIO 


E = 69.4 KN/mm^ M.O x 10^ psi) 
V = 0.3 

R = 25.4 cm (10.0 in.) 

L = 50.8 cm (20.0 in.) 

P = 445.9 N (100 lb) 





t/R 

D 

(N mm) 

^max 

(mm) 

f9max) (D) 

0.1 

t 

1.041 X 10® 

-1.185 X 10'^ 

-1.234 X 10® 

0.01 

1.041 X 10® 

-1.035 X lO’’ 

-1.078 X 10® 

0.001 

1.041 X 10^ 

-1.024 X 10“* 

-1.066 X 10® 

0.0001 

1.041 X lO'’’ 

-1.024 X 10^ 

-1.066 X 10® 
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FIGURE 9. DEGENERACY CUE TO MISALIGNMENT 
WITH DIRECTIONS OF PRINCIPAL CURVATURE 



•NOTE USE OF DEVELOPED SURFACE COORDINATES 
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FIGURE 10. SUBSTRUCTURE MESHES FOR TYPICAL T-JOINT 


BRANCHl 




CHORD 


NOTE USE OF DEVELOPED SURFACE COORDINATES 


ORIGINAL PAGE IS 
OF POOR QUALITY 



FIGURE 11. SUBSTRUCTURE MESHES FOR TYPICAL K-JOIMT 




CHORD 


NOTE USE OF DEVELOPED SURFACE COORDINATES 



FIGURE 12. TYPICAL GONCREITE GRAVITY STRUCTURE 
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MODELING STRUCTUllAL DAMPING FOR SOLIDS 
HAVING DISTINCT SHEAR AND DILATATIONAL 
LOSS FACTORS 

A. J. ICALINOWSKI 
NAVAL UNDERWATER SYSTEMS CENTER 


SUMMARY 


For steady state time harmonic problems (rigid format 8), the NASTRAN pro- 
gram as currently configured treats internal structural damping through the 
introduction of a single structural element damping coefficient that typically 
is viewed as the ratio of the complex to real modulus of elasticity (E^/e’-) . 

For problems dealing with two or three dimensional dynamic linear viscoelastic- 
ity (e,g. a Kelvin-Voigt viscoelastic model), the present NASTRAN capability 
cannot directly handle this situation wherein two independent damping coeffici- 
ents are required to properly model the dissipation phenomenon. A technique is 
presented whereby the user can adapt the standard versions of NASTRAN (without 
resorting to either DMAP and/or FORTRAN coding changes) for the purpose of 
treating this class of problem. 


INTRODUCTION 


This paper is concerned with the solution to ] , 2, or 3 dimensional steady 
state (time harmonic) structural response problems wherein part or all of the 
structure is ^-omprised of a linear viscoelastic material. In particular, 
attention is focused on the representation of the viscoelastic dissipation (or 
equivalently sound absorption) properties of this class of materials. Typi- 
cally, rubber-like materials fall into the category of interest. In situations 
where the driving frequencies of the applied loading is large, the effect of 
the energy dissipation characteristics on the overall dynamic response (partic- 
ularly in wave propagation problems) can be significant. Consequently, it is 
important that the material physical properties are modeled as accurately as 
possible. In this paper, the Kelvin-Voigt viscoelastic model is selected 
wherein the corresponding continuous field equations are given by (ref. (1)) 


(1 + _s 

V pr at 


— )V(V-u) = ^ 


llH 

9t2 


( 1 ) 


where X^,y are the usual Lame' elastic constants; X^, are their viscous 
counterparts; p denotes the mass per unit volume, u is the displacement vector; 
t is time and V is the vector "del" operator (3/8x, 3/3y, 9/3z). The steady 
state harmonic version of equation (1) is obtained by substituting 
“ — 

u = u^e into equation (1) which results in the form 
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( 2 ) 


q2 v^u + Cj V(V*u ) - V(V*u ) = (i)^u 
s o d o s o o 

where and are the complex wave speeds given by the expressions 
c2 = c2(l+iTi^) 

“ c2(l+in^) 


(3) 


In equations (3), and are the usual elastic shear and dilatational wave 

speeds, and and are the associated sharr and dilatational dissipation 

constants; these four constants aire related to the constants originally employed 
in equation (1) through the relaciottsi 


Cg = \/|j’^/p~ Uj ^ i/(A^ + 2y^)/p (4) 

rig = - (X'* + 2p^)/a'^ + (5) 


i i 

where X and . are two independent frequency dependent viscoelastic constants 
which are determined experimentally . The X^, constants are related to the 

X^, constants of Eq (1) through the relations X^ = a) X^ and = m jj^. 

i i 

Depending on one's viewpoint, the pair of parameter X , y‘ (or alternatively 
rig* n^) can be viewed as the two independent parameters which describe the 


dissipation characteristics of the viscoelastic media. Further, the independ- 
,r 


(or alternatively c^, c^) can be viewed as the two 


ent constants A , y 

independent constants which define the elastic characteristics of the media. 


The current version of NASTRAN can treat a solid media governed by 
equation (2) by using 2 and 3 dimensional elements (e.g. CTRMEM, GQDMEM, 

CTRAPGR, CTETRA, CTRIARG to name a few) in conjunction with both rigid format 8 
and the introduction of a loss factor (e.g. the GE input variable on a MATl or 
MAT2 card; this is referred to as the "structural element <■ imping coefficient" 
in the NASTRAN manual). Unfortunately, however, the user can introduce only one 
independent loss factor. A single, rather than two, independent loss factor can 
properly represent the Kelvin-Voigt model if the relation 



( 6 ) 


is met. Substituting equation (6) 
fact that the Young’s modulus, E, 
yields the relations 


into equations (5) in conjunction with the 
is related to y, X through E = y(3X+2y)/(X+y) 

hg = eW (7) 
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Thus, the more limited single parameter loss factor case can directly be 
implementated in NASTRAN by assuming equation (6) holds and setting GE = on 
a MAT 1 or MAT 2 card as appropriate. 

The remainder of this paper is concerned with the situation wherein the 
viscoelastic physical -onstants are such that (l.e. the special case 

implied by equations (6) are not satisfied). A technique is presented which 
permits the user to treat this more general case without having to resort to 
either DMAP instructions and/or modified FORTRAN coding modifications to the 
original NASTRAN program. Because of this general type "fix", the approach 
also has applications to other finite element programs having the same one 
parameter type dissipation limitation found in NASTRAN. 


IMPLEMENTATION OF TWO PARAMETER LOSS FACTORS 


Here we consider finite elements representing equations (2) for the case 

n n I . The finite element formulation representing equations (2) leads to a 
s cl 

complex set of simultaneous equations to be solved of the form (ref. (2)) 
[K]{U}={P} (8) 

where [K] = [-m^''M]+iu)[B] + [K] ] (9) 


where {U} is the vector of nodal displacement amplitudes, {P} Is the vector of 
applied forces, [M] , is Che assembled mass matrix, [B] is the assembled damping 
matrix and [K] is the elastic stiffness matrix. The formation of the mass, 
stiffness and non-struc tural damping portion of the matrices in Eq. (8) fol ow 
exactly the same process used in modeling elasticity type problems, hence will 
not be commented on here (e.g. see refs. (2,3). Attention is consequently 
focused on the formation of the structural damping part of the [K] matrix; let 


us define [K]^ as the individual element structural damping portion due to Che 

contribution of Che e'"'^ element. NASTRAN currently forms [K]^ from the 
relation ^ ^ 


= injK]^ E i 




[ c ] [G ] ^ [ C 'fdxdydz 


' 1 


( 10 ) 


where [K] is the individual element elastic stiffness matrix, [C] is the 

r 

corresponding displacement-strain matrix and [G] is the elastic stress-strain 

r ® 

law matrix. For isotropic materials, [G]^ is of the form; 
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11 


'll 


33 


23 


"31 

0.0 




0 

0 

0 


a^+2\x^) 


0 

0 

0 


0 

0 

0 


0 

0 


( 1 ^+ 2 ^^^) 0 


M 

0 

0 


0 0 

0 0 

0 0 

0 0 

■E’ n 

]1 0 

n I 

0 U 


/ \ 

E 




'11 


'22 


'33 


'23 


'31 


'12 


( 11 ) 


[G]' 


where ^22 ^11* ^22 ’’’ element stresses and strains. 


So far we have described, via equations (10) and (11), the form currently 
in NASTRAN. Next we consider the form of [K]^ we would like to have in order 

to implement the two independent parameter formulation. By comparing what we 
have to what we would like to have, the "fix" to NASTRAN v;ill become evident. 

We start by making the important observation that the desired general continu- 
ous viscoelastic form of equation (2) can be derived from the usual elastic 
derivation for the dynamic equations of elasticity (ref. (4)). This is 
accomplished by following the elastic derivation of ref. (4) with the modifica- 
tion that, in place of the usual isotropic stress-strain law (i.e. Eq. (11)), 
we use 


{a}=[[G]’^ + i[G]^]{e} 
e e 


( 12 ) 


iL T 

where [G]^ is the same expression as [G]^ except all r superscripts are replaced 

with i superscripts for the X, p entries. Similarly, in the finite element 

formulation, all we need do is replace the usual [G]^ matrix in the stiffness 

derivation with [G]^+i[G]^. 

e e 


Thus, the element stiffness becomes 


[K], = 




[C]*^[[G]'‘+i[G]^][C3dxdydz 
6 6 


( 12 ) 


e 

/ 


V 


[C]*^[G]^[C]dxdydz + i 


I 


[C]'^[G]J[C]dxdydz 


(12b) 


Term 1. . .Usual elastic stiffness 
contribution to [K] of Eq. (8). 


Term 2 .. .viscoelastic dissipation 
contribution to [K] of equation (8). 
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Nov(? we are in a poa'tion to build the desired two Independent parameter visco- 
elastic finite element. Tlie total complex element contribution, [K]^, to the 

assembled [K] matrix In equation (9) is formed in two parts through the creation 
of an overlapping ('oubic viscoeiastic element. This double element is shown 
schematically in Figure (3) (a tvv'o dimensional element Is shown only for 
convenionce) . It consists of two identically shaped element occupying the same 
physical space and having the same nodal numbers but different element numbers 
and different material identification cards (MjVTl for 3-d elements and MAT2 
for 2“d elements). Our goal is to let one of the overlapping elements form the 
Term-1 elastic coatrlbutiovi of Eq. (12b) and tlie other Conn tlie Teriu-2 visco- 
elastic dissipation contribution. In agreement with the notation of Figure (3), 
we refer to the first overlapping element as the "elastic element" and the 
second as the "massless dissipation element". The only port that remains is to 
define the input constants on the M>\T1 (or MAT2 ) cords so that Term-1 and 
Term-2 In equations (12b) are properly formed. More specifically, the rationale 
for the selection of tlie MATl (or MAT2 ) constants follovijs from seeking out a 

set of parameters for the matrix in equation (10) » (namely the Pp) and 

components of the elastic matrix which are controlled bv the user through 

e 

selection of the input variables on the appropriate MiVL'i cards) that will 

result in the desired IG]^ matrix in Term-2 of equation (12b). The treatment 

is slightly different for three or two dimensional elements, consequently we 
treat them one at a time. 


Three Dimensional Viscoelastic Elements 


• Tlie elastic element contribution is obtained by setting the following 
parameters on a MiVl'I card: 


1 ) 

2) 


set mass density (RHO) = actual mass density of viscoelastic 

material 


set loss factor (GE) =0.0 


(13) 


3) set E = p’-'(3X^+2n^')/(X^'+p'^) 


G = 


r 


• The massless dissipation element contribution is obtained by setting the 
following parameters on another MATl card specially earmarked for this 
second overlapping element: 

1) set mass density (RHO) -• 0.0 (zero to avoid double counting) 

2) set loss factor Pg = (GE) X^/e (I;!) 
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(1^) cont'd) 


3) set E = eR(3+2R)/(l+R) 

G = eR 
with R = 

where e is an arbitrary parameter that is selected small as desired (but not 
zero). The small e parameter removes the elastic contribution of the massless 
dissipation element. A suggested value for e is that it is on the order of 
10,000 times smaller than the larger of the reel components 1''^ or 

The Interested reader is invited to back substitute the above values for E, 
G, and GE (e.g, n ) into the matrix formed by NASTRAN in conjunction 

with equation (1) where it can be easily verified that the results reduce 
(independent of the e choice) exactly to the desired two independent parameter 

matrix [G] employed in Eq. (12b). The smallness of e only effects the unwanted 

G 

elastic stiffness contribution of the massless dissipation element already 
accounted for in the "elastic element". 


Two Dimensional Elements 


• The elastic element contribution is obtained by setting the following 
parameters on a MAT2 card: 


1) 

set 

mass 

density 

(RHQ) 

= actual mass density of viscoelastic 
material 

2) 

set 

loss 

factor 

(GE) = 

0.0 

3) 

set 

Gil = 





G12 = X 


(15) 


G13 = 0,0 
G22 = 


G23 = C.O 
G33 = y- 


• The massless dissipation element contribution is obtained by setting the 
following parameters on another MAT2 card specially earmarked for this second 
overlapping element: 


1) set mass density (RHO) =0.0 

2) set loss factor 5 (GE) = X^/e ( 16 ) 
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3) set Gll = e(l+2u^/A^) 


(16) cont'd 


G12 = e 
G13 = 0.0 
G22 = e 
G23 = 0.0 
G33 = 

where as with the three dimensional element, the e is an arbitrary para- 
meter that is selected small as desired (but not zero) . See 3-d element write- 
up for a suggested e value. 

DEMONSTRATION PROBLEM 

Next we consider a demonstration problem to illustrate the implementation 
and accuracy of the two independent parameter loss factor viscoelastic elements 
described in the previous section. The problem is to determine the scattered 
and transmitted pressures for a water-submerged steel plate, (covered with a 
constant thickness layer of viscoelastic material), subject to an incident 
plane wave normal to the plate as illustrated in figure (1). The problem is 
tractable from a closed form solution point of view, consequently, an independ- 
ent check on the NASTRAN solution is available. Furthermore, experimental 
results are also available to further back up the accuracy of the physical 
representation of the viscoelastic material. 

Exact Solution 


The exact solution to this problem can initially be treated as an ordinary 
one dimensional, small deformation wave propagation problem. The effect of 
viscoelasticity can be introduced by replacing the wave speed c^ with c^ = 

(l+ip^)"^. The solution to the problem illustrated in figure (1) is carried 

out exactly like the problem given in ref. (5), page 136, except that two finite 
thick plates (rather than one) is submerged in the fluid. The origin (at x =0) 
is located at the right face of the viscoelastic layer (+x to the left). The 
back side fluid is denoted as media (4), steel plate as (3), the viscoelastic 
layer as (2) and the front side fluid as (1). The thickness of the steel plate 
is and the viscoelastic layer is The following relations define the 

various waves present in the problem: 


Cp ), - a, 

si 1 


Incident wave in (i) 
Scattered wave in (1) 


(17) 
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TransmiCted wave in (2) 


(P,>2 - Aj 

(Pg>2 - 


Scattered wave in (2) 


(17 cont'd) 


, V , i(u)t“k„(x-&„)) Transmitted wave in (3) 

^Pf'3 ' '^3 ® ^ ^ 

y V _ i(tot+k„(x-S,„)) Scattered wave in (3) 

(p ^)3 - B 3 e 3 ^ ^ 

/ \ _ A i(o)t-k, (x-£„-£-) ) Transmitted wave in (4) 

''Pt^4 ■ % ® ^ ^ ^ 

where in the fluid p is pressure and in the solid, p is the negative of the 
stress 0^3 in the x direction. The k quantities are defined as: 

'‘1 ■ “'“di 

k3 - "/djs 

'‘4 ■ “/‘=d4 

where c^ 2 > real dilatational wave speeds of the four 

materials and is the dilatational loss factor (equation (5)) of the visco- 
elastic layer. The six unknown k^, A 3 , B 3 , can be determined from 

equating pressure and particle velocities at the three interfaces, thus pro- 
viding six equations to balance the six unknowns. All response variables are 
referred to the incident wave amplitude A^, thus A^ is not considered an 
unknown in the problem. 

The quantities of interest are the scattered pressure in the incident side 
fluid (media 1) and the transmitted pressure in the back side fluid (media 4). 
After algebraically solving for the constants we obtain 

Scatter pressure amplitude = ~ ^^2^12 -C 1 A 22 )/ 

^^21^12“'^il^22^ (19) 

Transmitted pressure amplitude = = ^'^21^32^l”^32^11*^2^^ ^^21^12“‘^11^22^ 

where = -cos(k 2 ^ 2 )+i r 32 Sin(k 2 i 2 > J ^i2=P2®d2^Pl®dl ' ^34=P4^d4^P3®d3 


f >2 — r 23 ! Sin (k,^2^.j) r^^r^ ^ cos (k.^ £^) j ^ 0*3 (li*in^ o ^ 


22' 23 12 


2 " 2 ' ’ "23 *'3"'d3''^2"d2’ ''d 2 ''d 2 ' "-"d 2 ' 
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^12 ~ [cos(2k^2.2Hi Sin(2k^£2^ ] ^ 

^21 “ “^23^ ^^‘^^^^2^2^“^'23^12 '^°s(k2S.2) 

= coB(k2^-2)+i ^12 Sln(lc2il2) 

A 22 “ 1 + [l+r3^Hcos(21c^£3)+i Sin(2k3A3)]/[l-r^^] 

A^2 = -•2r^^[co3(k2S,2) ■*" ^ Sin(k2Jt3)]/[l-r2^] 

Finite Element Solution 

The finite element representation of the figure (1) problem is shown in 
figure (2). The procedure for representing the infinite domain of fluid on the 
front and back side of the submerged plate is given in detail in ref. (6), 
Briefly, it consists of using a plane wave boundary condition at the mesh 
termination of the form p=pc^u where u is the normal particle velocity and p is 

the total pressure at the mesh termination. The nodes along the outer bound- 
aries are constrained to move only in the direction of wave propagation. The 
figure (2) sketch is drawn to scale and represents the actual number of elements 
used in the problem. All elements employed in the model are comprised of GQDMEM 
quadralateral elements. The viscoelastic zone is made up from the overlapping 
double elements described earlier in the paper (e.g. a typical viscoelastic 
element is illustrated in figure (3)). 


Comparative Results 

The demonstration problem (both analytical and finite element) was evaluated 
with the following set of physical constants 


Table 1 - DEMONSTRATION PROBLEM PHYSICAL CONSTANTS 


MATERIAL 

psi 

r 

V 

psi 

psi 

i 

P 

psi 

P 

lb-sec^ /in^ 

Water 

345,600. 

0.0 

0.0 

0.0 

.000096 

Steel 

17,307,000. 

11,538,000. 

0.0 

0.0 

.000735 

Viscoelastic 

Material 

86,703. 

115.9 

41,736.8 

11.6 

.0003599 


The viscoelastic constants were evaluated by W, Madaigosky at NSWC. For the 
NASTRAN computer run, the water and steel plate properties were entered on a 
MAT2 card. The elastic entries Gil, Gl2, etc. correspond to the column and 
row data in the first, second and sixth (columns and rows) of the [G]^ matrix 
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of equation (11). The viscoelastic data were entered on two separate MAT2 
cards corresponding to the procedure described by equations (15) and (16). An 
E parameter of e = <'i.l6 was used in the actual run. The non-dimensional results 
are shown in Table 2. 

The significance of the added viscoelastic layer on the scattered and 
transmitted pressure is seen by comparing the results of Tables 2 and 3, where- 
in the viscoelastic layer has the effect of absorbing a significant amount of 
the incident energy. The accuracy of the NASTRAN results for both the case 
with Che viscoelastic layer and without the layer are quite good. As expected, 
the finite element solution accuracy falls off as the incident frequency 
increases. As pointed out by ref. (7), for problems of this type, at least 8 
elements per wave length are needed to accurately model elastic waves in the 
media. Note in Table 2 Chat as the incident frequency approaches the 8 
elements per wave length limit, the accuracy is starting to deteriorate. The 
8 element per wave length limit suggested by ref. (7) was in the absence of 
structural damping; perhaps the results presented here suggests that more than 
8 elements per wave length are required for structural damping (e.g. 12 
elements per wave length). 


CONCLUDING REMARK? 

The procedure outlined here provides the NASTRAN user with an expanded 
structural damping capability, thus permitting the user to specify two independ- 
ent loss factors via the construction of the "overlapping double visco- 

elastic element" process described in this papei = The demonstration problem 
shows good accuracy of the procedure relative ti. the exact solution for the 
same problem. It is acknowledged that there is some added solution time due to 
the added calculation time for the formation of the stiffness of the second 
overlapping element; however, this is a relatively insignificant amount in 
comparison to the overall solution time of the problem. The double element 
uses Che same node numbers for both the "elastic element" and the superimposed 
"massless dissipation element", consequently, the matrix size or bandwidth 
properties are not affected at all. 
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Table 2 - COMPARATIVE SOLUTION RESULTS 

(with viscoelastic layer present) 


Nondiraensional 

frequency; 

NASTRAN 

Scattered 

Pressure 

ratio 

Exact 
Scattered 
Pressure ratio 
(equation (19)) 

NASTRAN 

transmitted 

pressure 

ratio 

Exact 

transmitted 

pressure 

ratio 

Experimental 

Scattered 

pressure 

Elements per 
wave length 
in elastomer 

.6545 

.401 

,398 

.273 

.273 

_ 

158, 

3.272 

.191 

.190 

.028 

.028 

- 

31.6 

6.545 

.108 

.104 

.006 

.007 


15.8 

9,817 

.122 

.113 

.003 

,003 

.12 

10.5 

13.089 

.133 

.113 

.002 

.003 

.12 

7.9 


Note that ~ ^*^727 (ratio of steel plate-to-viscoelastic layer thickness) 


Table 3 - COMPARATIVE SOLUTION RESULTS 

(without viscoelastic layer present) 


Nondiraensional 

frequency; 

“*^3''=dl 

NASTRAN 

Scattered 

Pressure 

ratio 

Exact 
Scattered 
Pressure ratio 
(equation (19)) 

NASTRAN 

transmitted 

pressure 

ratio 

Exact 

transmitted 

pressure 

ratio 

Experimental 

Scattered 

pressure 

- 654 

.930 

.928 

.374 

.373 


3.27 

.995 

.996 

.090 

.090 

- 

6.54 

.998 

.998 

.067 

.067 

- 

9.82 

,996 

.994 

.113 

.113 

- 

13.09 

.957 

.952 

.306 

.307 
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FiRure 1. Submerged Plate With Viscoelastic Layer 


WATER 


STEEL 


VISCOEUSTIC 
“ LAYER - 


rimTi:aiLiuxiijjri:jJx jnri~nr:E.i- i-Ur 




- WATER 


1 n‘i nu n 


Figure 2. One Dimensional Finite Element >fodel 



Figure 3. Overlapping Double Viscoelastic Element 
(Quadralateral Element Example) 
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THERMAL STRESS ANALYSIS OF CERAMIC STRUCTURES 
WITH NASTRAN ISOPARAMETRIC SOLID ELEMENTS 

Steven E. Lamberson and Donald B. Paul 
Structural Mechanics Division 
Air Force Flight Dynamics Laboratory 
Wright-Patterson AFB, Ohio 


SUMMARY 


This paper presents a study of the performance of the NASTRAN level 16.0 
twenty node isoparametric bricks CCII1EX2) to thermal loading. A free ceramic 
plate was modelled using twenty node bricks of varying thicknesses. The 
thermal loading for this problep' was uniform over the surface with an extremely 
large gradient through the thickness. No mechanical loading was considered. 
Temperature-dependent mechanical properties were considered in this analysis. 
The NASTRAN results are compared to one-dimensional stress distributions calcu- 
lated by direct numerical integration. 


INTRODUCTION 


In attempting to analyze a ceramic radome no Information was available 
concerning the sensitivity of the twenty node brick to large aspect ratio or 
large thermal gradients. The free plate was identified as an appropriate 
problem to examine this sensitivity. The thermal gradient of interest (Fig. 1) 
is severe and generates significant compressive hoop stress spikes immediately 
beneath the surface. A model containing sufficient elements near the surface 
to adequately predict the detailed in-depth response of a full radome model was 
dnfeasibly large. Therefore, this study was made to determine the effects of 
igc’ciir numbers of elements through the thickness on the stress predictions. 

Also studied was the degradation of the stresses with increase in the ratio 
of the length of the surface side to the element thickness (aspect ratio) , 

The basic model used in this study was a 3 in. by 3 in. by 1/4 in. plate 
modelled with a 4 x 4 x 4 element grid. Various element spacings through the 
thickness were examined starting with uniform spacing and gradually allowing 
the surface elements to shrink in-depth while increasing the thickness of the 
redL elements. Variable Mechanical Properties were used for this analysis 
(Fig. 2). A total of four cases were examined. 

The NASTRAN twenty node bricks showed little sensitivity to high aspect 
ratios (tests were run to 94:1) for this loading. Stresses, as always with 
this element, are less uniform than could be desired; but, when averaged in a 
reasonable fashion the correlation between NASTRAN' S stresses and one-dimen- 
sional numerical solutions is good provided any one element does not span more 
than one inflection point in the stress curve. 


A p’rf'’'''''’ 


pv'-. 


' . A 
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SYMBOLS 


P = 

C K 

P 

T = 
t « 
z = 
z+h 
k = 
a = 
f = 


mass density 

specific heat at constant pressure 

temperature field 

time 

location through the depth 
is the heated surface 
the thermal conductivity 
stress 
0 


XX 

E = young’s modulus 
V =: polsson's ratio 
a = thermal expansion coefficient 
2h " plate thickness 


THERMAL LOADING 


The thermal loading is produced by the application of a suddenly applied 
uniform heat flux over one face of the plate while the other face is maintained 
adiabatic. The resulting transient temperature distribution is obtained by the 
implicit finite difference numerical solution of the one dimension variable 
property heat conduction equation. 


3T _ 3k 3T ^ , 3^T 
^^p 9t ” 3z 3z 


( 1 ) 


with initial conditions for t<0 T>=530‘’R 


and boundary conditions for t>0 

z = +h -k = 88 BTU/in^-sec 
oz 

z = -h -k 7 “ = 0 
3z 
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Sublimation of the ceramic is modelled with an Arrhenius type function which 
was derived from test data. 


ONE-DIMENSIONAL STRESS DISTRIBUTION 


The one-dimensional stress distribution was derived by considering a free 
plate of arbitrary planform, constant thickness, and with temperature dependent 
isotropic properties. The plate is thermally loaded with a temperature 
gradient through the thickness only. It is assumed that the stress field, 
away from the edges, is also only a function of the thickness coordinate and 
that all out of plane stresses are zero. 


a =- 0 = f (z) ; T = T(z) 

50 ^ yy ^ 2 ) 

a = a = a =o =0 
xz xy yz zz 

The boundary conditions are chosen such that the resultant force and moment 
produced by f(z) are zero over the edges. Under the above assumptions, the 
equations of equilibrium are satisfied identically. The stress distribution is 
obtained by direct integration of the compatibility equations and application 
of the boundary conditions 


E \ 

f = ^ C-«T + (D-Bz) ~ + CAz~ll) 1 ^} 


(^) 


where 


A = 


1-v 


dz 


D = 


-h 

h 


EZ" 

1-V 


B = 


N„ = 


fh 

-li 

h 

-h 


1-v 


zdz 


«ET 

1-V 


dz 


(5) 


fh 



cET 

1-V 


zdz 


J-h 


H = AD-B 


Z 


The above integrals were numerically evaluated by the trapezoidal method 
utilizing the predicted temperature distribution and variable thermal proper- 
ties (Fig. 2). 
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THREE-D^ffiNSIONAL NASTRAN ANALYSIS 


A 3 in. by 3 in, by 1/4 in. ceramic plate was modelled with a 4 x 4 x 4 
element grid (Fig. 4). Surface elements of ,0625, ,05, .02, and .008 inch 
thickness were used. The temperature distribution through the thickness 
(Fig. 1) is applied uniformly over the plate surface. The plate is free-free 
and mechanical properties that vary with temperature are used (Fig. 2). Four 
integration points per side were used in all elements. 

The stress output from NASTRAN for this element contains a stress value 
for each node point in each element. These stresses are extrapolated from the 
values calculated at the integration points and are rarely continuous from one 
element to the next. The stresses are averaged at each node and these stresses 
are further averaged for several central locations on the plate. 

The stresses for the first two element spacings (Fig. 4) are unacceptable 
in the first quarter of the structure. Tlie last two spacings adequately 
describe the stress field (Fig. 5). 


CONCLUDING REMARKS 


The twenty node brick adequately describes thermal stress fields provided 
the stress field is sufficiently known to ensure proper element spacing in 
regions of high stresses. Aspect ratio does not appear to be critical in this 
element provided the only significant thermal gradient is in the direction of 
the smallest dimension. 
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FINITE ELEMENT MODEL 
FIGURE 3 
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A SIMPLE ELEMENT FOR MULTILAYER BEAMS 
IN NASTRAN THERMAL STRESS ANALYSIS 

W.T. Chen and S.K. Wadhwa 
International Business Machines Corporation 

I. INTRODUCTION 


In the study of structural integrity for electronic packages under thermal 
cycles, an important consideration is the distortion due to the differential 
thermal expansions of multilayer dissimilar materials. A simple antecedent for 
such cases Is the classical bimetallic beam analysis by S, Timoshenko. In the 
application of NASTRAN, such structural members are usually represented by 
bar elements with multi-point constraint cards to enforce the interface conditions. 
While this is a very powerful method in principle, one finds that in practice 
the process for specification of constraints becomes tedious and error prone, 
unless the geometry is simple and the number of grid points low. An alterna- 
tive approach has been found within the framework of the NASTRAN program. 
This approach makes use of the idea that a thermal distortion in a multilayer 
beam may be similar to a homogenous beam with a thermal gradient across the: 
cross section. This paper contains the exact mathematical derivation for the 
equivalent beam, and all the necessary formulae for the equivalent parameters 
in NASTRAN analysis. Some numerical examples illustrate the simplicity and 
ease of this approach for finite element analysis such as NASTRAN. 

II . ANALYSIS 

Consider an n-layer composite beam of dissimilar materials at constant 
temperature T, having an external loading N as the axial force, and M as 
the bending moment. The cross section is s?iown in Figure 1. ^ 



tj=: Thickness of layer 
Zj= Coordinate of interface 

Fig. 1 - Cross Section of n layer Composite Beam 


‘ 3.1 Lf 
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ti, t 2 ..t are the thicknesses of various layers and are the coordinates 

at the interface. With the coordinates as specified, ' 



Strain at any point can be written as 


z-d 

e = e + — ~ — “ hT 

XX t" 


where e = elastic strain 

XX 

e = average axial strain of composite 
z = coordinate of the point 

d = composites neutral axis 

r = radius of curvature 

aT = thermal strain 

a = thermal coefficient of expansion of the layer 



Let Ej, a., t. be the Young's modulus, thermal coefficient of expansion 
and thickness of ilh layer with uniform width b. 

Define z =0 and/ 
o 
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E a Tz . dA 


bT 


zn 

E a zdz 
o 




E. 


a. 

1 


CZ;' 



(3) 


(4) 


(5) 


( 6 ) 


(7) 


bT 

2 
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then 


N 

= 

/ cr„ dA 


X 


J 




zn 



= 

b J /Ee + E 

(z-d) 



*^o \ 

r 


= 

Pe + Y - Pd 




r 


Similarly 

can 

be shown as 


“y 

= 

6 - yd 

ye + * — 

r 



.T) 


dz 


Y " Pci _ 


N.) 


tB) 


(9) 


From Equation (3) , since N should be independent of r, 
therefore 

pd - y = o 

d = — = distance of neutral axis. 


substituting this in Equations (8) and (9) we get 



Thus the external force and moment have been derived for n layer structure. 
Expression 6-y* is simply area stiffness 0n which E is included^ moment of 

J 

inertia about centroid, and can be proved as follows. 

6 = Area Stiffness M.i. about coordinaie axIsQas defined by Equation 5^ . 
Ml about centroid fusing parallel axis theorem^ = 


,6 

6 


= 6 


- Area Stiffness 

- P . y2 



P 


X d^ 


220 



Consider now an equivalent homogenous beam of area A, centroid moment of 
inertia 1, Young's modulus E, thermal coefficient of expansion having thermal 
gradient dT . 
dz 

Then 


G 


XX 


e + 



aT 


where the coordinate axes are the neutral axes of the beam. By using the 
previous formulation it can be derived that 

= AEe - AEaT 

(12) 

M = J_ - la dT 

y r — 

dz 

(13) 

Comparing Equation 10 to 12 and 11 to 
ships can be written for equivalency. 

13, the following parametric relation 

AE = [1 

(14) 

AEaT = 

(15) 

1=6 ^ 

P 

la N 

dz T Q T 

(16) 

(17) 


Thus assuming E for the equivalent beam. Area A, a , I, dT can be calculated 
from Equations 14 through 17. dz 


Thus a nonhomogenous beam [[specified as a finite element in NASTRAl^ 
at constant temperature can be solved by a mathematical equivalent homogenous 
beam with temperature gradient at the cross section. 

III. TIMOSHENKO'S BIMETALLIC BEAM 

It can further be proved that for two layer structure, in the absence of 
external forces, Equation 9 degenerates to Timoshenko bimetallic beam, 

Consider now a bimetallic beam of thickness ti= tz= t, and therefore 
2l = t, Z2 = 2t, 
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From Equations 3, 4, 5, 6 and 7 


|i ;= (El 4- Ea) 

2 

Y = — [Ei + 3Ez] 

I 

8 = 4- 7eD 

N-r = bT y- (Eitti + EzCk) 

(Eitti + 3E2ttz) 


M 


T 



T 



T 






ExEa 

Ei+Ez 



[E. + 7E.]- ^ 


(Ei + 3E2)^ 
Ei+ E 2 



(E 1 +E 2 ) + 

O 



Substituting in Equation 11, we get 




(Ei+Ei) + 



' El Eg 

.E 1 +E 2 



{03 - ai ) 


El Eg 
Ei+ Eg 


bt^ ETEg 
~ E 1 +E 2 



(02 - Oi) T 


In the absence of external force, the expression in parentheses Is zero, which 
is identical to Timoshenko's bimetallic beam. 


222 



IV. EXAMPLE 


For the purpose of illustration, the example in Strength of Materials 
Part I by TimoshenkojjJ will be discussed. To model a bimetallic beam 
section, one defines four grid points and two bar elements. For each pair of 
grid points, continuity of the interface displacements must be specified. 
Multipoint constraints or MPC cards must be used to relate the displacements 
and rotation of one bar element to the other of the following form 

Ui + hi 01 = U2 + hj 02 

It should be noted that this could become quite complicated when many elements 
are used to represent a curved beam '.n space. 

An equivalent beam with the same mechanical response will now be 
constructed. The bending curvature of the bimetallic beam will now be induced 
by the TEMPRB Bulk Data card. The bending stress in the original bimetallic 
beam due to differential expansion will now be replaced by the thermal moment 
thermal gradient defined by the TEMPRB card for each bar element. In the 
example in reference , page 219-, we shall use 

b = h = 1, El = 1 X 10\ C 2 = 1.15 X 1Q\ Oi = 1 x lO"’ , = 2 x 10"‘* 

Then it turns out that the equivalent beam should be 

A = 1.8695, ! = .62091, E = 1.15 x 107, a = 1.5348 x 10"\- 
with 100 degree rise in temperature, the gradient should be 48.8. 


V. DISCUSSION 

The method proposed in this paper has been found to be very useful in 
analysis dealing with deformation associated with multi-layered curved beam 
structures undergoing thermal loads. The main advantages are (!) elimination 
of the time-consuming task in specifying multipoint constraints, and (2) 
reduction in number of grid points. 

VI. REFERENCES 

1, S. Timoshenko, Strength of Materials Part I, D, Van Nostrand, Inc,, 1940 
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ALIGNMENT DISPLACEMENTS OF THE 

SOLAR OPTICAL TELESCOPE PRIMARY MIRROR 

Walter V. Medenica 
NASA /Goddard Space Flight Center 


SUMMARY 

Solar Optical Telescope (SOT) is a Space Shuttle payload which is at the 
present time (1978) being planned at Goddard Space Flight Center (GSFC). 
The selected alignment method for the telescope's primary mirror is 
such that the six inclined legs supporting the mirror are at the same 
time motorized alignment actuators, changing their own length according 
to the alignment requirement and command. This paper describes the 
alignment displacements, including circumvention of some apparent 
NASTRAN "limitations". 


INTRODUCTION 

According to Reference 1, " tlie basic scientific justification for SOT is the 
need to achieve the very high spatial resolution required to determine the 
density, temperature, magnetic field, and non-thermal velocity field in a 
large number of solar features, on the scale of which the various physical 
processes of interest are occuring. These processes include changes in 
magnetic field strength, waves, single pulses, and systematic mass flows. 
To study them, it is necessary to resolve regions over which significant 
gradients occur in the local magnetic and velocity fields, as well as in the 
local densities and temperatures. 

"The SOT is a '1-m telescope'. Its aperture is 125 cm diameter, which will 
give it a evolution of 0. 1 arc sec at 5500 A (72 km on the sun). It operates 
from 1100 A into the infrared and so can observe solar phenomena from the 
photosphere up through the chromosphere and transition zone to the base of 
the corona. It will be possible to obtain long sequences of observations that 
will have uniformly high resolution over the field of view, 

"The basic SOT is a large, high resolution space telescope system which 
will accomodate numerous experiment instruments." 
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The SOT is one of the Spacelab payloads and its first launch, on the 
Space Shuttle, is tentatively scheduled for early 1983. 


The Space Shuttle Orbiter with the SOT is shown in Figure 1, and the 
SOT alone is shown in Figure 2. As a Spacelab payload, the SOT remains 
attached to tlie Orbiter throughout the launch, flight, and landing. Typical 
mission would be of several days duration during which time solar obser- 
vations are made. After return to earth, the SOT is refurbished and 
prepared for the next flight, typically with a different set of instruments. 

The SOT consists of a 3. 81 m diameter, 7. 31 m long truss structure at 
the after end of which is mounted the primary mirror {Figure 2). The • 
primary mirror assembly provides active alignment, including focusing, 
offsetting, rastering, image motion compensation, and sub-arc -second 
pointing, while the secondary (Gregorian) mirror is fixed (Figure 3). The 
estimated mass of the first flight SOT is approximately 3000 kg. 


ALIGNMENT DISPLACEMENTS 

The objective of this paper is to describe the use of NASTRAN for deter- 
mining the alignment displacements of the SOT primary mirror. 

The alignment system has been proposed by Dr, Richard B, Dunn of the 
Sacramento Peak Observatory in New Mexico. This displacement system 
is such that the 6 inclined legs supporting the primary mirror are at the 
same time motorized displacement actuators, changing their own length 
in response to alignment requirement and command. Figures 4, 5 and 6 
show the geometric configuration of the actuator system and the NASTRAN 
model. 

The command system for the displacements consists mainly of three 
alignment telescopes located around the primary mirror and an annular 
alignment mirror attached to the secondary mirror. The alignment 
command system is not part of this paper. 

According to References 1 and 2, the following motions of the primary 
mirror are anticipated as required for alignment; 
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1. Rotation of the mirror about its focus (Figure 3 and grid point 15 in 
Figure 6). This motion will be used to offset, to correct the line-of- 
sight, to raster, and to provide the internal motion compensation. The 
expected range of this motion + 0. 5° which corresponds to a translation 
or decentering o{ the mirror of approximately + 4cm. 

2. Tilting of the mirror about its vertex (grid point 14 in Figures 5 and 6). 
This motion will be used to bring the conic foci of the primary and 
secondary mirrors (Figure 3) into coincidence. The expected range of 
this motion is +30 arc seconds whicli corresponds to a translation of 
the focus of approximately + 0,65 mm. 

3. Focusing, which is the translation of the mirror along the Z axis 
(Figure 6). The expected range of this motion is +1 cm. 

4. Translations of the focus along the X and Y axes (Figures 4 and 6). 

The expected range of tliis motion is not known at the present time. 

The specified tolerances are + 38 microns "across the prime focal plane", 
as well as across all planes parallel to it, and + 5 microns in focusing, 
motion No. 3 above. The "prime focal plane" is the X-Y plane at grid 
point 15. 

The fundamental problem to be solved is a geometric one. That is, given 
tlie rotations and translations of the focus and the tilt of the vertex, 
determine the change in lengtli of the actuators. 

The displacement problem on hand is a complex and tedious geometric 
problem, unless it is modeled appropriately, and unless several "tricks" 
are used in order to permit the application of NASTRAN Rigid Format 1 
for solution without resorting to the use of ALTERS. 

First, in order to be able to rotate the mirror about the focus, a ficti- 
tious rigid element, the Mac Neal-Schwendler's RBE2 (Figure 6), has 
been introduced as part of the analytical model. The lines connecting 
the grid point 15 with the grid points 1 through 6, 13, and 14 are merely 
figurative representations of this element. 
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The element RBE2 and other features of the indicated analytical model 
(Figures 4, 5, and 6) make this an over- constrained rigid body problem 
with no "free point" to start inverting the matrices. This obstacle 
has been circumvented by the introduction of another fictitious elastic 
element into the system, CROD 8, between grid points 8 and 16, with the 
grid point 16 providing the free point (one degree of freedom on the GRID 
card). This element is theoretically connected to the actual structure at 
grid point 8. But in order to make it quite obvious that this fictitious 
element and free point can be entirely independent of the structure, 
another, alternate, element was placed arbitrarly somewhere in space. 
The second version of the solution for "Rotations and Translations" uses 
the fictitious element CBAR 9 (instead of CROD 8) located between 
fictitious grid points 100 and 101, away from, and unconnected to, the 
mirror and the fictitious element RBE2 7. The grid point 100 is 
constrained and the grid point 101 is free in all six degrees of freedom 
on its GRID card. The results were identical to those obtained with the 
element CROD 8. 

The explanation for this phenomenon lies in the fact that NASTRAN needs 
at least one elastic element, no matter how fictitious, anywhere in space, 
with at least one "free point" to start inverting the matrices. One could 
compare it with priming a water pump. 

Secondly, there are no loads, no forces, and no stresses involved in this 
problem, only displacements. But the element force recovery feature 
of NASTRAN has been utilized to determine the fundamental unknown; 
the change in length of the actuators (mirror's legs. Figure 5). This is 
an important parameter in the displacement system. In order to get tliese 
changes in length calculated directly and printed in the output, the original 
length of the actuators (336.1547 mm) has been substituted for the Young's 
modulus of elasticity on the material card (MATl, Table 2). This is based 
on the following rearragement of the equation for elongation: 

5 = 

AE 

For A = i.O and E = L 



L 
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Consequently, the NASTRAN output under FORCES IN ROD ELEMENTS 
contains actually the changes in lengtli of tlie actuators (in milluTieters, 
Table 4). 

After tlie above fictitious elements are introduced into the model, and the 
actuators' lengths substituted for tlie modulus of elasticity, the analyses 
become very simple, 

The following basic analyses were performed; 

1. Rotations about tlie focus and translations of the focus (grid point 15) 
along tlie tliree orthogonal axes using the fictitious element CROD 8. 

2. The same as under 1. above using the fictitious element CBAR 9, 
instead of CROD 8 (Tables 1, 2, 3 and 4), 

3. Tilting about the vertex (grid point 14) using the fictitious element 
CROD 8, 

The following aspects are common to all three basic analyses; 

1. Rigid Format 1 of the Mac Neal-Schwendler version of NASTRAN has 
been used. The reason for using tliis version instead of tlie NASA/ 
Cosmic Level 16 version was the fact that tlie Cosmic rigid elements 
CRIGD 1 and 2 each require two ALTER replacements while the 

Mac Neal-Schwendler rigid element RBE2 does not require any ALTER 
cards. Reportedly, the Cosmic limitation has been removed in the 
Level 17 version. 

2. One-third of tlie mirror's circle (Figure 4) was covered in S^-steps, 
from O^to 120° beginning at the t- X axes, using two SUBCASES, 
rotatio.n about the X axis and rotation about tlie Y axis, and tlien the 
combinations of the cosine and sine functions, respectively, of 
SUBCASE 1 and SUBCASE 2 as SUBCOMS (Table 1), In other words, 
tlie X axis is first rotated about the Z axis and then the mirror is 
rotated about that new axis at the focus (by the selected unit of rotation 
of one arc second). The remaining two-thirds of tlie mirror's circle are 
repetitions of the covered one-third with some changes in sign. 
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3. The displacements are initiated by a combination of SPC and SPCl 
constraints (Table 2). 

4. The dimensions used are millimeters and radians, unless otherwise 

noted. 


Examples of the output are shown in Tables 3 and 4. 

A NASTRAN Rigid Format 1 limitation is that it will readily solve linear 
problems only. The problem on hand is geometrically non-linear, but 
NASTRAN can still be used for small displacements, depending on the 
required accuracy. Figure 7 presents geometric correction factors to be 
used witli the NASTRAN output for the case of rotation about the focus, i. e. 
for the motion which produces the largest errors. 

It was determined by inspection and comparison tliat the displacements as 
produced in the original output (Tables 3 and 4) do not exceed the indicated 
tolerances, therefore no corrections were required for any of the four basic 
motions. 

A greater accuracy, had it been required, could have been achieved using 
NASTRAN Rigid Format 1, Assuming, for instance, that the given accuracy 
beyond a rotation angle of 10 minutes (of the focus, about the X axis, see 
Figure 4 and 6) is not satisfactory the correction could have been achieved 
in the following piece-wise linear manner: 

1. On the basis of the original location of the grid points and the original 
lengtli of the actuators, induce a 10 -minutes -rotation. Add the incre- 
ments to the original values, 

2. The results of Step 1 provide the locations of the grid points and the 
lengtlis of the actuators after a 10 -minutes -rotation. On that basis, 
induce another 10-minutes-rotation. Add the increments to results 
of Step 1, 

3. The results of Step 2 provide the locations of the grid points and the 
lengths of the actuators for the second 10-minutes-rotation. On that 
basis induce another 10-minutes-rotation. 
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4. The addition of increments from steps 1, 2 and 3 offer the grid point 
displacements and actuator lengths for a 30 -minutes -rotation. 

This process is illustrated in Figure 8. 

Table 5 lists the results of such a correction. By comparing the table 
in Figure 7 with Table 5, one may notice that the accurate correction in 
Figure 7 for the dimension "a" is 181. 0 microns while the approxima^-e 
correction in Table 5 is 12 0. 7 mircons (Z coordinate). This correction 
process would be rather voluminous and tedious for the problem on hand 
because it would have to be repeated for each of the 26 SUBCASES and 
SU3COMS of rotation about the focus. Depending on the required 
accuracy, more or less tlian three steps would have to be included, 
and possibly the process repeated for translations and tilt as well. 
Moreover, a separate MATl card would have to be used for each CROD, 
except the fictitious CROD 8. Without this correction process, one 
MATl card suffices (Table 1). 

A correction program along these lines could be developed using NASTRAN. 


CONCLUDING REMARKS 

This problem and its solution illustrate tlie importance of proper modeling 
in the application of NASTRAN, which may mean the difference between 
a complex, tedious, and time-consuming job on one side and a simple and 
short job on the other without any sacrifice in accuracy. 

It also points at the wide application possibilities of NASTRAN Rigid Format 
1, witliout ALTERS, indicating tliat tliis Rigid Format can be used beyond 
statics, witli no forces and stresses and elastic deformations. 
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FIGURE 4: PLAN VIEW OF MIRROR & PARTIAL MODEL 
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FIGURE 5: SIDE VIEW OF MIRROR & PARTIAL MODEL 
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CO 

QO 



« 

11 

FIGURE 6: SIDE 
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a 

a 

b 

MICRONS 

V 

0.0001 

0.0000 

30" 

0.0503 

0.0000 

r 

0.2011 

0.0001 

10' 

20.1132 

0.0585 

20' 

80.4526 

0.4681 

30' 

181.0178 

1 .5797 


a=R{1-COSa)=:CTAN(-|-) d=RTAN a 

c=RSlNcr b = d-c=R(TANa - SIN a ) 

a = b o IN NASTRAN OUTPUT, LE. d = TRANSLATION VALUE 
FOR ROTATION a 


FIGURE?; ACCURATE CORRECTION SAMPLE 
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FIGURES: APPROXIMATE CORRECTION METHOD 



TABLE 1: 

s'OT primary mirror with fictitious G.P. 100 * 101 
POTATION + TRANSLATION DISPLACFHENTS 

CASE CONTROL DECK ECHO 

CARD 

COUNT 

1 TITLE = SOT primary MIRROR WITH FICTITIOUS G.P. 100 ♦ 101 

2 SUBTITLE = ROTATION ♦ TRANSLATION DISPLACEMENTS 


3 

LINE = 70 



4 

OUTPUT 



5 

SET 1 = 1 THRU 6 


6 

DISPLACEMENT = ALL 


7 

ELFORCE = 1 



B 

SUBCASE 1 



9 

LABEL = 1 

ARC SEC ROTATION ABOUT X AXIS 


10 

SPC = 1 



11 

SUBCASE 2 



12 

LABEL = 1 

ARC SEC ROTATION ABOUT Y AXIS 


13 

SPC = 2 



14 

SU0COM 3 



15 

LABEL = 1 

ARC SEC ROTATION AT 5 ARC DEGREES FROM X AXIS 

16 

SUaSEQ = 

0.9961946981* 0.0871557427 


17 

SUBCOM 4 



16 

LABEL = 1 

ARC SEC ROTATION AT 10 ARC DEGREES FROM X , 

AXIS 

19 

SUBSEQ = 

0.964807753* 0,1736481777 


S3 

SUBCOM 26 



B4 

LABEL = 1 

ARC SEC ROTATION AT 120 ARC DEGREES FROM X 

AXIS 

85 

SUBSEQ = 

-0,5* 0.8660254038 


86 

SUBCASE 27 



87 

LABEL = I 

ARC SEC ROTATION ABOUT Z AXIS 


88 

SPC = 27 



89 

SUBCASE 28 



90 

LABEL = 1 

MICRON translation of FOCUS IN X DIRECTION 


91 

SPC = 28 



92 

SUBCASE 29 



93 

LABEL = 1 

MICRON TRANSLATION OF FOCUS IN Y DIRECTION 


94 

SPC = 29 



95 

SUBCASE 30 



96 

LABEL = 1 

MICRON TRANSLATION OF FOCUS IN Z DIRECTION 

(FOCUSING! 

97 

SPC = 30 



98 

BEGIN BULK 
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TABLE 2: 

SOT primary mirror with fictitious G.P. 100 ♦ 101 

R^lATJON * TRANSLATiPN DISPLACEMENTS 



T A ECHO 

• 7 ** d *■ 9 10 « 

0.0 1 . 1 


123A56 

123AS6 

123A56 

123A56 

123456 

123456 


123456 


.141 


3 


4 


5 


*RS7 



TABLE 3: 

SOT primary mirror with fictitious G.P. iOO ♦ lo’i 
rotation + translation displacements 


1_.ARC.SJEC 

.ROTATION 

ABOUT X AXIS 

D I s p L 

A C E M E N T 

P.PINJ. ID. 

.TYPE 

T1 

T2 

T3 

1 

6 

0.0 

-2.304786E-02 

-2.505501E-03 

2 

0 _ _ 

Q.O 

-2.30478SE-02 

.0.0 

3 

G 

0.0 

-2.304785E-02 

2.505500E-03 

.4 

0 

0.0 

-2.304785E-02 

2.505500E-03 

5 

G 

0.0 

-2.304785E-02 

0.0 

. 

G 

0.0 

-2.304785E-02 

-2.505501E-03 

7 

G 

0.0 

0.0 

0.0 

. - . .. .8 ,„ 

G ... 


. . . 0.0 _ .. . 

OoO 

9 

G 

0.0 

0.0 

0.0 

ID 

._ - G 

0.0. 

.0.0 

. 0.0 

11 

G 

0.0 

0.0 

0.0 

12 

.. G 

0.0 

0.0 

O.Q 

13 

G 

0.0 

-2.304785E-02 

0.0 

14 . 

G - 

0.0 

-2.181643E-02 

. 0.0 

15 

G 

0.0 

0.0 

0.0 

IOO . 

G 

0.0 

0.0 

0.0 

101 

G 

0.0 

0.0 

0.0 


ALL R2 AND R3 DISPLACEMENTS ARE ZERO. 


bO 

CO 


Siiii£ASE_L 


E C T 0 .R , 

R1 

4.8A8100E-06 
A.8A8100E-06 . 
4.848100E-06 
4.848100E-06 _ 

4.848100E-06 
4.848100E-06 ... 
0.0 

Q-0 - 

0.0 

0.0 

0.0 

0.0 ._ - 

4.848100E-06 

A.848I00E-O6 

4.848100E-06 

0.0 . 

0.0 
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TABLE 4; 

SOT PRIMARY mirror WITH FICTITIOUS G.P. 100 + lOl 
ROTATION ♦ TRANSLATION DISPLACEMENTS 


1 ARC SEC ROTATION ABOUT X AXIS 


F 0 R C E 

IN R G D_ 

ELEMENTS ( 

ELEMENT 

AXIAL 

ELEMENT 

ID. 

FORCE 

ID,. 

1 

7.989358E-03 

2 

3 

3.666280E-03 

4 

5 

-1.165550E-02 

6 


SUBCASE _X 

_C R 0 D ) , 

AXIAL 
FORCE 

1.165550E-02 
3.666283E-03 . 
7.989228E-03 
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TABLE 5: EFFECT OF APPROXIMATE CORRECTION ON ROTATION OF 
30 MINUTES (IN 10-MIN-STEPS) ABOUT X AXIS AT FOCUS 


ACTU- 

CHANGE IN LENGTH (mm) | 

DIFFERENCE 

ATORS 

CORRECTED 

UN-CORRECTED 

(mm) 

1 &6 

15.9327 

14.3806 

-1.5521 

2&5 

- 19.5224 

- 20.9800 

- 1 .4526 

3&4 

8.3499 

6.5993 

-1.7506 

GRID 

CHANGE IN Y COORDINATE (mm) 


POINTS 

CORRECTED 

UN-CORRECTED 


1 &6 

I - 41 .4735 

- 41 .4861 

-0.0126 

2&5 

- 41 .4866 

- 41 .4861 

0.0005 

3&4 

- 41 .4997 

-41.4861 

0.0136 

GRID 

CHANGE IN Z COORDINATE (mm) 


POINTS 

CORRECTED 

UN-CORRECTED 


1 &6 

- 4.6306 

- 4.5099 

0.1207 

2&5 

- .1207 

0.0 

0.1207 

3&4 

4.3893 

4.5099 

0.1206 
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APPLICATION OF NASTRAN TO TFTR TOROIDAL FIELD COIL STRUCTURES* 

S.J. Chen 

EBASCO Services, Incorporated 
E. Lee 

Grumman Aerospace Corporation 


SUMMARY 


The application of NASTRAN to the structural analysis of the Tokamak Fu- 
sion Test Reactor (TFTR) Toroidal Field (TF) magnetic coils and their support- 
ing structures are described in this paper. The primary applied loads on the 
TF coils are electromagnetic and thermal. The complex structure and the tre- 
mendous applied loads necessitated computer type of solutions for the design 
problems. In the early stage of the TF coil design, many simplified finite 
element models were developed for the pvirpose of investigating the effects of 
material properties, supporting schemes, and coil case material on the stress 
levels in the case and in the copper coil. In the more sophisticated models 
that followed the parametric and scoping studies, the isoparametric elements, 
such as QUAD^l , HEX8 and HEXA, were used. The analysis results from using these 
finite element models and the NASTRAN System were considered accurate enough to 
provide timely design information. These analytical results were further con- 
firmed by using the EBASCO developed isoparametric composite element. 


INTRODUCTION 


The TFTR, now under construction and expected to be operational by I 98 I, 
will be the first Tokamak in the world to produce l^J MeV fusion neutrons and 
3.5 MeV fusion alpha particle? in a break-even experiment involving a deuter- 
ium-tritium plasma. The information to be obtained from the TFTR project will 
contribute to the effort aimed at the construction of demonstration fusion pow- 
er reactors in the ea.rly 1990s . This would help meet our nation ' s energy de- 
mands . 

The main components of the TFTR are the large doughnut- shaped vacuum ves- 
sel (or torus) which contains the plasma and the TF coils which generate the 
magnetic field for plasma confinement (see Figure 1). There are 20 TF coils 
(see Figure 2); each coil has hk turns of copper winding which are insulated 
from one another. The coils are wrapped in epoxy and placed in a structural 


*The work described herein was performed pursuant to Princeton Plasma Physics 
Laboratory's Subcontract No. 258 , under ERDA Contract No. EYT6-C-02-3093 with 
Princeton University. 
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case (see Figure 3). These coils Eire supported near the machine's center 
(see Figure 1) hy an inner ring and column system and outboard of the coils 
by outer shear -compression members (see Figure 4). 

The coils are operated in a pulsed mode with the current increased from 
zero until the desired magnetic field strength is reached. The field is held 
constant (flat top) for approximately 3 seconds before decreasing. The mini- 
miun time between pulses is 300 seconds; the coils are required to sustain 
300,000 full -power pulses. Heat generated by the electric current in the cop- 
per coils is removed by cooling water flowing through the coils at an inlet 
temperature of 10°C (50°F) and an outlet temperature not more than 68.3°C 
(155°F). 

The primary applied loads on the TF coils are electromagnetic and ther- 
mal. There are two electromagnetic loads; one is due to the interaction of 
the toroidal current and its field which results in a net centering force of 
27 076 hK (6087 kips). The other electromagnetic load is due to the interac- 
tion of the toroidal current and the Equilibrium Field (EF) which results in 
a lateral moment of 11 890.O kNra (105 24o inch-kips) (s e Figure 5). The 
thermally- induced load is mainly due to temperature difference between the 
copper winding and the coil case. 

The complex structure and large applied loads necessitated computer-based 
analysis for solutions to various design problems. In order to investigate 
the effects of material properties, supporting schemes, coil case material and 
manufacturing tolerances on the stress levels in the case and in the coil, 
simplified finite element models were developed and analyzed using NASTRAU. 

In the more sophisticated models that followed the parametric and scoping 
studies, isoparametric elements such as QUAD4, HEX8 and HEXA were used. 

This paper will describe the various finite element models that were used 
in support of the coil design. In addition, the element types, size of each 
model, multi-point constraints and cyclic symmetry features of NASTRAW are 
discussed. The analytical results and correlations among the various models 
are also presented. A comparison of the results obtained using the common 
HASTRAN isoparametric elements with results obtained using the EBASCO-devel- 
oped composite isoparametric element will be included. 


FINITE ELEMENT MODELS 


The finite element method was employed in the structural analysis of the 
TF coils. Several models of the TF coil were generated during the preliminary 
and the detailed design phases of the Tokamak Project. They can be catego- 
rized as follows: 

• Simplified 2-D and 3-D Models 

• Detailed 3-D Model 

• Detailed Local Models 

• Detailed 3-D EBASCO developed Composite Element Model. 
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The first group of finite element models (FEM) vas used primarily during 
the preliminary design phase, vhere numerous studies were conducted to achieve 
an optimum TP coil design with respect to coil shape and coil support schemes. 
Since the prellminai'y design phase i;' character iaed by fast design changes, 
the PEMs must be si‘pl“ enough for modifications to be accomplished in a short 
time and the results generated must meet the design objectives. The first 
three PEMs, summarized in Table I, are considered as Simplified 2-D and 3-D 
models. TF1G3D was later modified to include dynamic, fault and sei.gmic anal- 
yses . 


Following the completion of the design studies using the Simplified Mod- 
els, a preliminary design configuration of the TP coil assembly was subjected 
to a more detailed stress analysis. The second generation 3-D model (TF2G3D 
in Table l) was developed for this effort. This model includes the TP coil, 
outboard inter -coil shear’ compression box and the inner rings attached to the 
central column. Analytical results from this model had shown that the stresses 
in the epoxy and the copper winding in the vicinity of the ring supports were 
high, but this model was not fine enough to provide accvrrate results required. 
Since the demand for design information in the epoxy, copper, coil case bolts 
and the bolts in the yoke were of such a detailed nature, Detailed Local Mod- 
els were developed. These models are suinraoriaed in Table I as TF3G2D, TF3G3D, 
90 ° Yoke Segment, and Local Stress Concentration. 

These models provided timely information for the TP coil design effort 
from the preliialnai'y design to a final design phase of the Tokamak Piograjn. 

In the meantime, a more sophisticated isoparametric composite element was being 
developed. A model using the composite element was generated to confirm the 
results produced by previous models using available KASTRAH elements, as well 
as to verify the structural integrity of the TP coil. 

A more detailed description of the above mentioned PEMs are presented in 
the following paragraphs. 


First Generation 2-D Model (TF1G2D) 

The purpose of this model was to study the different coil shapes and to 
inves Igate various support conditions. 

The first generation 2-D model consisted of tlrree differtnt models; the 
circular shape, the dee shape and the tear drop shape, which was basically the 
dee shape turned around. Due to the synanetric condition of the geometry, as 
well as the loading (TF force), only one-half the coil was considered in this 
model, along with its supports. 

The coil was represented by a one-line model consisting of beam elements , 
with the nose and outboard supports simulated by spring elements (see Figure 
6). All of the beam elements had six degrees of freedom per element, while 
the springs had two degrees of freedom per element. 

For all analyses, both homogeneous and composite section properties were 
considered, along with the change of the cross section due to the wedge at the 
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nose. These properties were calculated at the center of each member, while 
also applying a factor of the ratios of the Young's moduli of the steel a.nd 
copper, in order to compensate for the different materials. 

The model had support points along the horizontal line of symmetry. 

These points were assumed to only have the freedom of horizontal displacement. 
The supports at the outboard inter-coil connections were simulated as horizon- 
tal springs whose stiffnesses were calculated based upon the resist • .ce capa- 
bility of the connections in the horizontal direction. At the nose, the coil 
originally had a wedge support where the side plates of the ?teel casing actu- 
ally came in contact with the adjacent coils, providing resistance to horizon- 
tal displacement. In later design, this was replaced by support rings coming 
from a center column. All three models were considered with the wedge support, 
and in addition, the circular shape model was analyzed - ith the support rings. 
The values of these spring constants depended on the stiffness of such support. 


Second Generation 2-p Model (TF2G2D) 

The purpose of this model was to understand the force and moment trans- 
mitted from the copper winding, through the epoxy, to the steel case, as the 
coil was subjected to the toroidal field force. This study included the ef- 
fects of shear modulus in epoxy, the Young's modulus of the copper winding, and 
the failure of the epoxy in shear. 

Due to the symmetric condition of the geometry, as well as the loading 
(TF force), one-half of the coil with the supports was considered in this 
model . 

The model consisted of three radii, with the inner and outer ones contain- 
ing the steel casing grid points and the middle one for the copper grid points. 
When the constant copper cross-section design was introduced, another radius, 
coincident with the copper grid point radius, was added for additional steel 
casing grid points. This was needed in order to create a finer mesh to handle 
the varying thickness of the side plates. 

In the model, the steel casing, including cuter and inner flanges, and 
the side plates were modeled as BAR (beam) and QDMEM2 ( q.uadrilateral membrane) 
elements, respectively. The copper winding was modeled as BAR elements which 
connected the copper nodal points located in the middle of the coil. The ep- 
oxy between steel casing and the copper winding were represented by ROD (beam 
with pin connections) and SHEAR elements. The cross-sectional areas of ROD 
and SHEAR elements were calculated based on the equivalent stiffness of the 
epoxy in resisting the relative movement of the steel casing and the copper 
winding in radial and tangential directions, respectively. The supports at 
the nose and the outboard box of the coil basically resisted the movement of 
the steel casing in the horizontal direction and were modeled as horizontal 
springs (ELAS2). 

Many cases have been investigated with this model and various support 
schemes have been analyzed. The bond in the epoxy between the copper bundle 
and the casing have been considered, as well as the case of nc bond in epoxy. 
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Analysis has also been pei‘foi’iiied to determine the redistribution of stresses, 
moments, and forces with varying .uaterlal and cross-sectional properties. 

This model has also been used to determine the effect of having a gap netween 
the coil and support rings. In addition, various analyses have been performed 
using the constant copper cross-section design. 

The results obtained from these analyses included displacements of grid 
points, loads in the copper, forces at the supports, and the forces and 
stresses in the steel casing, copper, and epoxy. All of these results were 
obtained for both toroidal field (TF) loads and for thermal loads. 


First Generation 3-D Model (TF1G3D) 

This model, shown in Figure 7, was originally generated to investigate 
support schemes for the TF coil subjected to out-of-plane loading. It was 
later modified for dynamic (EF out-of-plane), favilted (TF coil short circuits) 
and seismic analyses. This coarse type model was selected to avoid the expen- 
sive computer cost usually incurred in analyses for dynamic and nonsynmietric 
static loads. It was estimated that the effects of these loads are minor on 
the stress in the criticai region of the TF coils and the inner support struc- 
ture (ISG) compared with the normal operating electromagnetic static loads. 

This model can give a qualitative comparison of TF coil and ISS stress results, 
and reasonably accui’ate results for reaction forces at the supxjort pedestals 
and floor system. This section first describes the finite element model used 
in the nonlinear dynamic analysis performed for the out-of-plane TP coil pulse 
loading induced by the interaction of the EF coil magnetic field witb the TP 
coil electrical cm-rent field- and then describes the modifications made to 
this model in the seismic and faulted load analyses. 

Dynamic Analysis Model - This model has taken into account the geometric non- 
linearity associated with the TF coil pedestal supports, which prevent hori- 
zontal lateral displacement of the TP coil in only one direction. Structural 
damping was also included. 

Because of the geometric rotational syimnetry of the TF coils, ISS and 
floor system, a tlu-ee-dimensional finite element model of a 36° segment of the 
structure, composed of one-dimensional and two-dimensional finite elements, 
was used in the analysis (see Figiu-e 7)- The model was sufficiently detailed 
so that the effects of the TP coil pulse loading, seismic loads and fault 
loads coiild be determined, but local structural details, such as keyed and 
bolted splices and cutouts, were not incorporated into the model. A total of 
262 nodal poincs and 248 finite elements (114qUAD4, 76 BAR, 44rBAK, 12E0D, 
2CELAS2) were used. 

The TP coils, represented by BAR elements, were connected to the support 
pedestals hy means of REAR elements and CELAS2 spring elements which talce into 
account the coil base pedestal stiffness. These connections provide horizon- 
tal lateral load transfer from the TF coils to the pedestals. At these con- 
nection points between coil base and pedestal top, a nonlinear tx'ansient 
force-displacement relationship was defined to represent the nonlinear behav- 
ior of the pedestal support system. This geometric nonlinearity is such that 
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the restraint imposed on the coil base is a function of the direction of the 
relative horiaontal lateral displacement between the coil hase and the pedes- 
tal. Physically, this restraint is provided by a snubber plate against which 
one side of the coil base initially rests. The snubber plate location alter- 
nates from side to side, from coil to coil. Under load, when the coil base 
tends to displace such that it bears against the snubber, resistance to that 
displacement is provided. When the coil base displaces away from the snubber, 
it can do so freely and without restraint. 

The floor structure was modelled as a system of QUAD'+ elements and 
elements. Connection of the pedestals to the midheight of the floor were made 
w'th RMR elements. 

The TFTR structure is externally supported at the machine floor level by 
connection of the outer edge of the machine floor to vertical columns and the 
building floor system, and by connection of the inner edge of the floor system 
to vertical coliunns. These external boundary conditions were incorporated 
into the finite element model by fully restraining all degrees of freedom at 
the outer edge of the machine floor (3 displacements and 3 rotations). The 
vertical floor columns were not incorporated into the model because their ef- 
fect on the analyses performed is negligible. 

To simulate the symmetric behavior of the structure, boundary condition 
relationships equating displacements and rotations at boiuidary grid points 
were imposed. 

Model Modifications for Seismic and Faulted Load Analyses - The primary modi- 
fications made to the model for the seismic and faul^ ’’ \o, d analyses were 
related to the boundary con 'itions. Since these lo^ were not rotationally 

syimnetric like the dynamic load, the syiimietric bounds . condition used in the 
dynamic analysis was not valid. KASTRAN's cyclic symmetry featui’es were used 
to represent the entire 360° structure, including 20 TF coils. In order to 
use the cyclic symmetric features, the non-linear connections between the TF 
coils and the tops of the pedestals were removed. It was assumed that only 
one out of every pair of coils was connected to the support pedestal . The 
floor system, which has a minor effect on these analyses, was totally re- 
strained to reduce the problem size. 


Second Generation 3-D Model (TF2G3D) 

The first generation finite element models described in previous para- 
graphs were used mainly in the preliminary design of the TF coil, in the selec- 
tion of coil shapes, and finally in the baseline design. Having designed a 
baseline TF coil, the next step was to perform more detailed stress analyses. 

In order to support the detailed design phase of the TP coil, a more sophisti- 
cated finite element model wan required. The second generation 3-D model was 
developed for this effort. This model is a thi’ee-diinensional finite element 
model which includes the TF coil, outboard inter-coil support box and the 
i.i»jv.r rings attached to the central column, support. The second generation 3-D 
finite element model represents an l8° sector which includes part cr the ring 
and column support, one coil, and two half sheai' -compress ion supports from 
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eAoli aide ol' the coil {see Figui’e 3). The coil case is simulated by plate 
elements (QUAD2, TRIA2) with inplane and bending stiffnesses. 

There are J|!| copper windings in each coil; they are electrically isolated 
from eacli other and the coil case. The copper windings are represented by 
four solid elements (HEX8), and they ai'e sepai*ated from the coil case by the 
epoxy and the electrical insulating material. 

The center column and ring suf'po'.'ts and the outbooa'd inter-coil sliear- 
compression boxes are represented by plate elements. The TF coil finite ele- 
ment model is supported at the bottom of the coil. Tills pedestal support al- 
lows the coil to move in the upward direction (no hold-dowi) but supports the 
weight and loads in the dowiwai'd direction. In addition, the coil is oJ.lowed 
to move laterally (pex’pendiculai’ to the coil plane), but is restrained by a 
key in the opposite direction. Radially from the device center, the coil is 
unrestrained, The coil nose oi'ea is connected in three directions to a 4- 
rihg system. The two outer rings ai-e in tiu’ii attached to the central cylin- 
der only in the tangential direction, nox'iiial to the coil plane. The inner 
rings, however, are rigidly connected to the central cylinders. 

The cyclic syimiietry capability of NASTRAW was used to effect r..;e remain- 
ing 19 sections of the TF coil system. The boundai'j'' points ai'e defined as in- 
j5ut to the program. The computer time was excessive when cyclic si'iiimetry was 
used. Since the sti'uctiu'al analysis of the baseline configuration was mainly 
using sjnnmetric load, the multipoint constraints (MFC) can be used on the 
ooundary points and, therefore, one coil model is needed. The computer time 
has been reduced considerably by using the Nff*Cs. However, for unsyimuetric 
loading, the cyclic symmetry must be used. 

The epoxy bond between the copper and the coil case may have been sepa- 
rated during the curing process. In oi'der to simxilate this condition in the 
finite element model, the epoxy can have only compressive strength. Wxen the 
resxilt shewed any epoxy spring element that was in tension, the spring element 
was eliminated fi-om the model. After several iterations, all spring elements 
that were in tension were eliminated from the model. The results were repre- 
sentative of the no epoxy bond case. 

The second generation 3-D TF coil finite element model has IOO 6 grid 
points, 127 I 1 elements (1|6 TR1A2, 524 QUADS, 1T6 HEX8, 523 ELAS9), and 4239 de- 
grees of freedom. A typical run of this model, employing MFC boundary condi- 
tions, had vised approximately 3000 system resource vmits (SRU) of computer 
time, whereas a run using cyclic syiimietry had used three times as much time. 

There v/ere several TJASTRAlf rvuis made using the 3-2 t'lodel in direct sup- 
port of the TF coil design effort. The ex'fect of different materials (e.g., 
titanium oi‘ steel) for the coil case and the inner support strvictvu’e was in- 
vestigated. Stvidies were done to vary the location and nvunber of rings for 
the central colvuiin support. Vai'yiag thicknesses of the coil outer flange was 
also analyzed using the 3-D model. 

The grid point forces and displacements, element forces, and stresses are 
pi'inted output from the NASTRAE run. Some of the results ore usually svmmia- 
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I'lzed manually to provide immediate design information. However, the amount 
of data remaining to he siumnarized was massive; therefore, it was imperative 
that a computer aided post-processing program he developed. The output of 
these FORTRAN programs was in both tabulated and plotted formats. Plots of 
shear load per unit length for the inner and outer flanges were made. These 
plots provided the designer with the necessary infoinnation for sizing the holts 
required for fastening the coil sideplate to the inner and outer flanges. 

These plots and tabulated data were subsequently used for fatigue analysis. In 
addition to these plots, copper hoop stress, epoxy normal stress, and casing 
membrane stress intensity were also plotted. 

The copper stresses were printed in the basic rectangulai’ coordinate sys- 
tem; however, this was not convenient for evaluation. The latest version of 
KASTRAN with the HEXA element has rectified this shortcoming. However, the 
corner stress "Jiuup" for the solid element was very disturbing. Fortunately, 
the copper hoop stress was reasonably acciu'ate when the Ij-corner HEXA stresses 
were arithmetically averaged. This was perhaps due to the fact that there was 
no applied load in that direction. In the radial direction, the HEXA stresses 
cannot be simply "averaged". It was estimated using the grid point force out- 
put. More experience is required for the interpretation of the solid element 
stress output. 


Third Generation 2-D Model (TF3G2D) 

Since the inter-laminar epoxy stresses from the second generation 3-D 
model were obtained from a relatively crude epoxy/copper simulation, a more 
detailed third generation 2-D model (TF3G2D in Table l) was developed. Sym- 
metry required only half of the coil in the model (see Figure 9)- Bar ele- 
ments were used for copper layers and inner and outer flanges of the case. A 
shear panel provided only shearing strength for the copper -to-copper and cop- 
per-to-case interfaces. A rod element provided two degrees of freedom which 
gave direct relative motion of the interfaces. An energy equivalence was made 
to obtain a spring constant for the rod and a shear strength for the shear 
panel. In addition to the elements in the bar-shear-spring model, a membrane 
element iras applied in TF3G2D. This type of element was used to simulate the 
in-plane deformation and strength of the case side plates. 

Local bending and tangential extension of all grid points at both ends of 
the half coil were restrained due to symmetry. Rod elements provided horizon- 
tal elastic supports at center column ring suppoi-ts and connecting box sup- 
ports, An energy equivalent was made for those rod elements to obtain the 
proper stiffness constants. 

The number of nodal points for a representative model of this kind was 
612, which resulted in l6o^t degrees of freedom. The two-dimensional elements 
included 900 bars, 480 rods, 120 membranes, and 390 shear panels. Total niam- 
ber of force units applied to the system, for magnetic force in static analy- 
sis alone, was 434, Number of variable temperature grids was 595. Average 
computing time for each rim was 648 system seconds on a CDC-6600 for tliree 
loading cases. 
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Third Generation 3-D Local Model (TF3G3D) 

The third generation 2-D model described in the previous paragraphs was 
used to investigate shear stress distribution in epoxy due to in-plane loads 
(TF and thermal). The third generation 3-D local model (see Figui'e 10) was 
used primarily for the study of the sheeir stress in the epoxy and copper 
stress due to in-plane and out-of-plane (EF) loads at the critical area. 

To keep the model small enough to be analyzed in the current computer and 
still render good critical stress data, a portion of the TF coil was analyzed. 
This local model consisted of the coil cut from horizontal zero degree plane 
and approximately 5^i-degree plane from the horizontal. By applying a symmet- 
ric and an anti-syimiietric boundary condition to the model, a cut was made to 
the mlddJ.e plane which was the separation of the reverse copper winding by a 
barrier strip. The barrier strip retained full capability of bonding; how- 
ever, the bonding between the copper bundle and the case was removed except 
where bhe compression A'as developed by the combined loads. The nose support- 
ing ring was simulated by springs in all directions. Bi" undary forces were ap- 
plied to the 5^1-degree cross section. These forces were obtained thi’ough 
global 3-D model. Magnetic loads and thermal data were carefully distributed 
to all grid points oi the model. It was the thinner copper layer and the 
flexibility of the layer in the other direction that made the usage of plate 
elements in 3-D model. TF load applied to the model included a radial in- 
plane load and a transverse out-of-plane load which sq.ueezed the copper to the 
barrier strip. 

The differences between this model and the third generation 2-D model 
were that plate elements were used in the 3-D model to represent copper lay- 
ers, whereas bar elemerts were used in the 2-D model. In addition, solid el- 
ements were used in the 3-D model for the outer flange, whereas bar elements 
were used in the 2-D model. Due to the geometric complexity and the thickness 
variation of the outer flange, the solid element was used. Two types of solid 
elements were used in the 3-D model. A HEXA element had eight nodal points at 
the corners. Each corner had three translational degrees of freedom. Two 
HEXA elements used in the model had extra points along the edges for the 
proper modeling of wedge transition. A WEDGE element had six nodal points at 
the corners. Each corner had tlu‘ee translational degrees of freedom. HEXA. 
elements were used also for the boi-rier strip. Plate elements used for cop- 
per, side wall, and inner flange were QUADUs. A QUADU element had four nodal 
points at the corners and each nodal point had five degrees of freedom. The 
cooling hole stiffness was reduced by using offset capability of QUADh . Shear 
panels used in the model were SHEAR'S which were obtained from energy equiva- 
lent. The shear panels had only shear capability and each panel had four de- 
grees of freedom. These panels connected the copper layers in two ways. A 
series of shear panels took the resistance of slip between copper layers in 
tangential direction and the other series of shear panels prevented copper 
from relative movement in the transverse out-of-plane direction. Finally, a 
set of two degrees of freedom rod e.-oments provided compressibility of copper 
layers and epoxy which wrapped copper layers and copper bundle. The connec- 
tion between the outer flange and the side wall was accomplished with bars 
and rods. 
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The nuraher of grid points in the system was 2,3^7- had 10,T61 de- 
grees of freedom for symmetric load condition and 11,231 degrees of freedom 
for anti-symmetric load condition. The number of total bulk data lines (or 
cards) was lH,89^. Total execution time in SRU was lh,6l0 on a CDC- 66 OO for 
three subcases and two subcombs by NASTRM code. 


TF Coil Yoke Finite Element Model 

The yoke finite element model is a 90° segment (90° - l80°) taken from 
the second generation 3-D model. The boundary loads were based on the TP2G3D 
model. The main objective of the 90° segment yoke model was to ascertain the 
bolt loads between the yoke and the coil case, and between the yoke and the 
shear-compression box (see Figure 11). Revisions to the yoke model required 
fewer manhours and computer usage time compared to the full coil model. 
Therefore, this model was used for yoke design support and parametric studies. 
The yoke model includes all elements associated with the second quadrant 
( 90 ° - 180 °) of the second generation 3-D TF coil model. The coil case is 
simulated by plate elements (QUADt, TRIA.3) with inplane and bending stiff- 
nesses. The copper windings are represented by 6 solid elements (HEXA) ; they 
are separated from the coil case by the epoxy and the electrical insulating 
material. Due to design considerations, the epoxy material between the cop- 
per winding and the casing is assumed to take compression loads only, and has 
no shear or tension capabilities. The spring element (ELAS2), which has two 
degrees of freedom, is used to simulate these compression forces. 

The bolt shear and contact stiffnesses are simulated by using the spring 
element (ELAS2). The yoke and shear-compression box are simulated by plate 
elements. A typical section is shown in Figure 11. The bolt shear stiff- 
nesses were calculated by assuming that the parent material had yielded to 1 % 
of the bolt diameter, and these stiffnesses were beamed to the nearest grid 
points . 

The coil case is made of steel; the gages at the side wall, outer and 
inner flanges are 2.9 cm (l 1/8 in. ), lit .6 cm ( 5 3/i^ in. ) , 6 .9 cm ( 2 3/it in. ) , re- 
spectively. The shear-compression box and yoke assembly are shown in Figure 11. 

The yoke model uses the WASTEAE multipoint constraints (MPC) at the 
shear-compression box boundary points. The boundary loads at both 90° and 
180 ° are calculated using the TF2G3D model. 

The contact stiffness between the shear -compression box and nhe yoke and 
the bolt axial stiffness are simulated by using spring elements. When the 
contact spring elements are in tension, they are eliminated from the input 
data set. When the bolt is in tension, the tensile stiffness is used. 

The yoke finite element model has 616 grid points, 922 elements ana 
3,696 degrees of freedom. The computer time usage is 1,500 seconds (SRU). 
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Local Sti-ess Concentration Model 


The fatigue life requirement is one of the critical items in the TP coil 
design. A better understanding of the peak stress (including stress concen- 
tration) distribution around the bolt hole of the coil casing is essential to 
the estimation of the fatigue life. The primal” contributors to the peak 
stress aroimd the bolt hole are the bypassing stress (hoop tension) and the 
pin loads (both tangential and radial directions). Because of the complicated 
natiu'e of the casing geomebry, the effects of the by-passing stress and the 
pin loads are coupled. It implies that without knowing the load path around 
the bolt hole, it is difficult to predict how much of the peak stress is con- 
' ■ ibuted by the by-passing stress or by the pin loads. Therefore, a finite 
(.'leraent analysis was initiated to study the load path in the critical bolt 
hole and predict the critical peak stresa. The finite element model included 
a segment of side plate with the critical bolt holes connecting the inner 
flange , 

The "Multilevel Superelements" approach available in the NASTRAN progx'am 
was cl; 'Sen in this analysis. The advantage of the superelement approach is 
to allow a fine mesh model near the critical bolt holes, but a coarse mesh 
away fi’om the critical area without losing the accm-acy. Moreover, it is only 
required to have one fine mesh bolt hole model which can be repeated as many 
times as desired to simulate a series of bolt holes. 

Two mesh generators were written to automatically generate two separate 
models. One is the coai’se mesh model, designated as the residual superelement 
(see Figure 12), which included a segment of the side plate, including the 
bolt holes away from the critical area. Tlxe other is the fine mesh model of a 
typical bolt hole, designated as the px’irnary superelement (see Figure 13). 

Then any number of the secondary superelement, which is similar to the primary 
superelement, can be automatically generated. Figm'e lU shows the combined 
geometry of the residual and primai’y superelement s , and indicates the location 
of two secondax’y supe 'elements . The mesh generators were programed to include 
the parameters, such as diameter of bolt hole, pitch of bolt hole, numbers of 
bolt holes and the dimensions of the side plate segment . 

The model is two-dimensional. The quadx’ilateral (QUADIi) and triangular 
(TRMEN) plate elements wei*e used in the residual superelement, while the 
TRMEN element was used in the pi'imai’y superelement . The QUADl-! element has 
eight degrees of freedom, while TRMEN has six degrees of freedom. 

The force boundary condition was used to describe the boundary at the 
edges of the side plate segment and the pin loads acting on the bolt bole. 
These data were obtained from the resuJ,t of 3-L analysis (TF2G3D model). The 
residual superelement model was vised to check these applied forces for the 
static eqviilibrium. The stresses in the side plate resulting from the equi- 
librium check run were also compared xn-th the 3-D result. The unifox’m radial 
pressure distribution was assumed for the pin loads acting at the px'imax'y and 
secondary superelements. 

Three different loading conditions were considex'ed fox' each model; pin 
loads in both tangential and radial conditions, pin load in tangential direc- 
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tion only (sheeir key to take radial shear), and no pin load. The "no pin 
load" condition was not the real design option being considered. However, it 
included to approximately simulate the condition if the friction took all 
the shear loads. For all loading cases, the stress printouts plus the stress 
contour plots for the maximum principal stress were obtained directly from 
NASTRAH runs . 


Composite ElemenL 3-D Model 

This model uses the EBASCO developed 3-D solid composite elements for 
heterogeneous material. These elements simulate the composite action of the 
copper and epoxy bundle and also give detail stress information in both cop- 
per and epoxy. The composite element is defined by 8 to 20 nodes. 

The coil case was represented by composite elements with homogeneous 
isotropic properties. There were two radial layers to represent the 5 3A 
inch thick outer flange. The yoke, inter-coil shear compression boxes, pedes- 
tal support, and support rings at the nose were also modeled using the com- 
posite element. The composite element TF coil model has 25^7 grid points, 

T^tO composite elements, and 736 non-linear spring elements. Further discus- 
sion and theoretical presentation of the composite element can be obtained 
from references 1 and 2, respectively. 


DISCUSSION OF MODEL RESULTS 


Representative results from the previously described finite element mod- 
els are discussed in the following paragraphs. 

Figure 6 shows the various coil shapes represented by the TF1G2D models. 
The high energy requirements for the dee shape had eliminated it from further 
consideration. The practical design diffic^LLties of the inclined spring sup- 
port for the tear-drop shape with T1 = T2 (see Figure 6), and the large ten- 
sion jump which exists in the tear-drop shape with T1 ^ T2 have also elimin- 
ated it from consideration. Manufacturing simplicity of the circular coil and 
its low-energy requirements were the important points for the selection of the 
circular configuration. 

Figure 15 shows the casing stress versus location and stiffness of the 
double ring supports for the circular coil. This was obtained by using the 
TF2G2D model. 

Using the TP1G3D model, a NASTRAN non-linear dynamic transient analysis 
was performed for the 0.42 Tesla Strong Compression plasma off run 4l EF load 
condition. This out-of-plane TF coil loading was applied to TF coil nodes as 
concentrated time dependent nodal forces. The load-time profile used is' 
shown in the normalized strong compression EP current of Figure l6. Both 
dynamic and static analyses were made using the TF1G3D model. Comparisons of 
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the ytressea obtained from tlie dynamic and static analyses were made to deter- 
mine the dyncauic effect of the operational EF loading. Typical stress multi- 
plication factors for various parts of the TF coil structure were less than 
1,09 except in the area near the pedestal support. The factor is l.l8 at the 
pedestal support. The tangential load transmitted to the floor at the pedes- 
tal increases from 0 (static loads) to 60 kips (dynmuic load). This is due 
to the Inertia load induced by the restraint at the pedestal. Similar’ re- 
sults were obtained for the faulted load (one or more coil short-circuited) 
and seismic analyses. Both the faulted and seismic loads have little effect 
on the coil, whereas the pedestal receives a significant amount of loads. 

A plot of maximum shear stress in the epoxy due to the TF and thermal 
loads from the TF3G2D model is sh.oim in Figui’e IT. Since the model is 2-D, 
epoxy shear stress due to EF load is not available; it can be obtained from 
the 3-D model TF2G3D (see Figvu’e l8) . 

The design criteria used for the coil case is basically derived from the 
ASME Boiler and Pressure Vessel Code. This code uses stress intensity, which 
is defined as the largest algebraic difference between any two of the thi'ee 
principal stresses. In order to facilitate the evaluation of coil case stress, 
all NASTRAN output for the TF2G3D model were post-processed and presented in 
both tabulated and plotted formats. A typical plot of membrane stress inten- 
sity is shoTO in Figure 19. A plot shown in Figure 20 was used by the designer 
in the determination of bolt requirement (the bolts i’asten the coil side plate 
to the flange). 

Stress distributions in various parts of the TF3G3D local model are shorn 
in Figure 21. These results are for the early TF coil, with titaniiuu as cas- 
ing material. This model was not re-run for the latest configiu'ation , since 
, at that time the composite element was available for model development. How- 
ever, the results from the eai'ly coil configiu'ation served as a benclimark for 
tlie TF2G3D model, 

Tlie yoke load distribution calculated by using the yoke model is shown 
in Figure 22. 

The major principal stress and the maximum stress intensity (twice of 
inaximiuti sliear) ai'e presented in Table II. In general, the maximum principal 
stress is the tensile stress in the tangential direction of the TF coil. The 
stress level was mostly due to the by-passing stress; the radial pin load con- 
tributed about 15/a to l8^ and the tangential pin load contributed about 7 %. 

The difference between the principal stress and the stress intensity was pri- 
marily due to the bearing (compressive) stress of tlie pin loads. In load 
cases 2 and 3, there were minor or no differences between the maximum princi- 
pal stress and stress intensity, since no I'adial pin loads were directly ap- 
plied at the edge of the bolt holes. 

The stress levels in the coil components from the Composite Element mod- 
el and the second generation 3-D model are compared in Table III, Despite 
the number of different model techniques used in these models, the stress 
levels were fairly close. 
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CONCLUP^Aia REMARKS 


There were sufficient tJASTRAH d .''.(gnostics used in all models described 
in this paper such that good numerical results were obtained. Force bali.nce 
at the inner support structure and selected coil nodal force balances were 
perforfned so that the confidence in these models was ascertained. Further- 
more, the stress outputs from these models were compared and were found to be 
relatively close. The analysis results from these finite element models and 
the NASTRAK System were considered accurate enough to provide timely design 
information. 

The application of available MSTRAN elements to the ToFamak toroidal 
field coil finite element models was considered very effective and the anal- 
ysis results were acceptable. However, care should be taken in using the 
spring and isoparametric elements. Some of the comments pertaining to these 
elements are isted below: 

• The plate element has no inplane rotational stiffness. Special care 
should be taken when it is connected to one-dimensional elements. 

• The spring element used for non-colinear connection will induce un- 
balance moment. 

• The nodal force balance output does not include the "lock-in" force 
induced by the thermal load. 

• In a coarse model, the corner stresses for solid elements HEX8 and 
HEXA are not reliable. 

The effect of the local detail design, such as the bolt joint connection 
between the sideplate and the flange, was neglected in the TF2G3D and other 
simplified models described in this paper. This effect will be analyzed sep- 
arately when design detail is available. 
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EBASCO LOCAL STRESS q^vnifP 

COMPOSITE CQNCEN- ccpmcmt TF3G3D TF3G2D TF2G3D TF1G3D TF2G2D TF1G2D 

ELEMENT TRATION SEGMENT 


MODEL 




Table I Finite Element Models 


OBJECTIVES 

MODEL DESCRIPTION 

LOADS 

• COILSHAPESELECTION 

• COIL SUPPORT SCHEME 

• BAR, ELAS2 ELEMENTS 

• ONE-HALF OF COIL WITH SYMMETRIC 
BOUNDARY CONDITION 

TF 

• COIL SUPPORT SCHEME 
« EFFECT OF 
INSULATION 

• BAR, QDMEM2, ROD, SHEAR, ELAS2 
ELEMENTS 

• ONE-HALF OF COIL WITH SYMMETRIC 
BOUNDARY CONDITION 

TF 

• COILSUPPORTSCHEME 

• DYNAMIC, SEISMIC, 
FAULT LOADS 
ANALYSES 

• BAR,QUAD2.(QUAD4, ROD, ELAS2) 
ELEMENTS 

• TWO COILS WITH ROTATIONAL SYM- 
METRIC BOUNDARY CONDITION OR 
CYCLIC SYMMETRIC FEATURE 

TF, EF, DY- 
NAMIC, SEIS- 
MIC, FAULT 

« 

• LOAD AND STRESS IN 
CASING 

• UPDATE DESIGNS 

• PROVIDE BOUNDARY 
;C0ND FOR LOCAL 
'MODELS 

• , ESTIMATE STRESS IN- 
SIDE COIL 

• QUAD2,HEX8,TRIA2,ELAS2 ELEMENTS 

• ONE COIL WITH ROTATIONAL SYM- 
METRIC BOUNDARY CONDITION OR 
CYCLIC SYMMETRIC FEATURE 

TF,EF, 

THERMAL, 

DEAD 

• STRESS IN THE COPPER 
AND EPOXY 

• UPDATE DESIGNS 

• BAR, SHEAR, ROD, QDMEM2 ELEMENTS 

• ONE-HALF OF COIL WITH SYMMETRIC 
BOUNDARY CONDITION 

• INCLUDE TWENTY-TWO LAYERS OF 
COPPER AND EPOXY INSULATION 

TF, THERMAL 

• DETAILED'STRESSIN 
THE CASING, COPPER, 
AND INSULATION AT 
THE CRITICAL NOSE 
AREA 

• QUAD4,HEXA, WEDGE, SHEAR, ROD, BAR 
ELEMENTS 

• ONE-HALF OF 54.7“ SEGMENT WITH SYM- 
METRIC AND ANTI-SYMMETRIC BOUND- 
ARY CONDITIONS AND BOUNDARY 
FORCE FROMTF2G3D MODEL 

TF, EF, 
THERMAL 

• BOLT LOADSATTHE 
OUTBOARD SUPPORT 
(YOKE) 

• QUAD4,TRIA3,HEXA, ELAS2 ELEMENTS 

• 90“ SEGMENTWITH THE BOUNDARY 
FORCE FRQMTF2G3D MODEL 

TF, EF, 
THERMAL 

• PEAK STRESS AT THE 
BOLTHOLEOFSIDE 
WALL 

• QUAD4,TRMEN ELEMENTS 

• APPROX 30“ SEGMENT OF SIDE WALL 
WITH bom HOLES MODELED 

• MULTIPLE LEVEL SUPERELEMENT 
APPROACH USED 

TF, EF, 
THERMAL 

• CONFIRMS PREVIOUS 
MODEL RESULTS 

• VERIFICATION OF 
COIL STRUCTURAL 
INTEGRITY 

• EBASCO DEVELOPED COMPOSITE, SPRING 
AND PLATE ELEMENTS 

TF, EF, 
THERMAL 
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Table n Pealc Stress Near Bolt Hole 


STRESS IN MPo (KSI) 


LOAD- 

B IN. OUTER FLANGE 

SYa IN. OUTER FLANGE 

MAXIMUM 

PRINCIPAL 

STRESS 

MAXIMUM 

STRESS 

INTENSITY 

MAXIMUM 

PRINCIPAL 

STRESS 

MAXIMUM 

STRESS 

INTENSITY 

LOAD CASE 1 

1036.3 

1170.0 

706.0 

917.0 

(PIN LOAD IN TWO 
DIRECTION) 

(150.3) 

(169.7) 

(102.4) 

(133.0) 

LOAD CASE 2 

872.2 

872.2 

578.5 

637.1 

(PIN LOAD IN TANG 
DIRECTION) 

(126.5) 

(126.5) 

(83.9) 

(92.4) 

LOAD CASES 

807.4 

807.4 

526,8 

526.8 

(NO PIN LOAD) 

(117.1) 

(117.1) 

(76.4) 

(76.4) 


NOTE: BOUNDARY FORCES WERE DERIVED FOR 3-D (TF2G3D MODEL) RUNS 2C26 AND 2G33B 
FORTF + EF + THERMAL LOAD. 


Table III TFTR Coil Comparison of Maximum Stresses (Toroidal 
Field, Equilibrium Field and Thermal Loads) 


STRESS IN MPa (KSl) 


MODEL NAME 

COMPOSITE ELEMENT 
MODEL RUN CA-12A-2 

TF2Q3D MOOEL 
RUN2C33B 



11 ALL SOLID COMPOSITE 

I) PLATE ELEMENT FOR 



ELEMENTS 

CASING, SOLID ELE- 




MENTS FOR CORE 



2) COIL CONFIGURATION 

2) COIL CONFIGURATION 



12A 

12A 

MODEL CHARACTERISTICS 

3) FINE GRID MOOEL 

3) FINE GRID MODEL 



4) 4-RING SOLID ELEMENT 

4) 4-RING PLATE ELEMENT 



SUPPORTS 

SUPPORTS 



51 UNBONDED CASING AND 

5) UNBONDED CASING AND 



CORE (NON-LINEAR 

CaRE(LINEARSPRING 



SPRINti) 

WITH ITERATION) 


INNER 

252.3 

250.3 



(36.EJ 

(333) 

CASING STRESS 

OUTER 

292.3 

2B9.E 

INTENSITY 


(42.41 

(42.0) 

{MEMBRANE a 

SIDE 

2B3.4 

262.7 

BENDING) 


(41.11 

(3B.I) 

COPPER HOOP STRESS 

-137.S 

-101.4 



(-20.0) 

(-14.7) 

EPOXY SHEAR STRESS (Rd 

20.0 

23.4 



(2.3) 

(3.4) 




FROMTFZG30 




ANDTF3G2D 
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VACUUM 









ORIGINAL PAGE IS 
OF POOR QUALITY 

YOKE 


DIELECTRIC SPACER 




Figure 4 Shear-Compression Box and Yoke 


265 



27 70S kN 

INTERACTION OF TOROIDAL CURRENT (6229 KIP ) 
& TOROIDAL FIELD, 5.2 TESLA ^ 



♦ 

(6229 KIP) 
(A) TF LOAD 



INTERACTION OF TOROIDAL 
CURRENT & EF FIELD P-20 EF 
CONFIGURATION AT 28 KA 
TF = S.2T EF = 0.42T 



A-A 


(B) EF LOAD 


Figure 5 TF and EF Loads 
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(A) TF COIL 3-D FtNITE ELEMENT MODEL 


STEEL CASING COPPER WINDING & EPOXY 

STEEL CASE 
PLATE ELEMENT 



(B) COILSEGMENT OF 3-D MODEL 


Figure 8 Second Generation 3-D Model (TF2G3D) 
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(B) QDMEM2 AIMD COIMROD ELEMENTS AT SUPPORTS 


Figure 9 Third Generation 2-D Model (TF3G2D) 







ORIGINAL PAGE IS 
OP POOR QUALIT'/] 




Figure 13 Primary Superelement 



Figure 14 Remainder of Structure Considered SE 0 or Residual 
Structure 


271 




''INSIDE 

^OUTSIDE + f^lNSIDE 


Figure 15 Maximum Stress in Steel Casing vs Stiffness and Location 
of Support (Represented by Force Ratio) 




NORMALIZED FIELD CURRENT (EF) 


ORIGINAL PAGE IS 
OF POOR QUALITY 


(A) TOROIDAL FIELD COIL FORCE - TIME SCENARIO FOR INPLANE LOADS 



TIME (SEC) 

(B) TOROIDAL FIELD COIL FORCE - TIME SCENARIO FOR OUT-OF-PLANE LOADS 



Figure 16 TF and EF Scenarios 
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STRESS (MPa) 




MEMBRANE STRESS INTENSITY (KSi) MEMBRANE STRESS INTENSITY (KSI) 


ORIGINAL PAGE IS 
OP POOR QUALITY 


° i TF COIL MODEL 2C40B 

ELEMENT 2 SIDE PLATE 



TF COIL MODEL 2C40B 
ELEMENT 8 - FLANGE PLATE 
I nAn _ TF + PP + TMFRMAI 



THETA ' 

Figure 19 Typcial Membrane Stress Intensity 
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'{A} MAXIMUM INTERLAMINAR 
SHEAR STRESS 
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(B) COPPER STRESS IN 
HOOP DIRECTION 
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200 
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00 
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Figure 21 Stress Plots from Third Generation 3-D Local Model 
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a B 0 i.TS/;'R 3 nB boundary 
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13'IQ 

( 208 . 95 ) 


&1G9 
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(730.47) , 333 , 
3249 


i .(22).3) 
. 1G.S) > - 

i, f ' ' 
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1 -*0 (2BB.9 

^ I 2" F 


M23.1) 

1" BOLTS (5) 
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Figure 22 Load Distribution Yoke Finite Element Model 
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STATIC ANALYSIS OF A SONAR DOME RUBBER WINDOW 
I • L • T j ff ‘1 

BFGoodrich Company 


SUMMARY 


The application of NASTRAN (level I6.0.I) to the static analysis of a 
sonar dome rubber window (SDRW) is demonstrated. The assessment of the 
conventional model (neglecting the enclosed fluid) for the stress analysis of 
the SDRW is made by comparing its results to those based on a sophisticated 
model (including the enclosed fluid). The fluid is modeled with isoparametric 
linear hexahedron elements with approximate material properties whose shear 
modulus is much smaller than its bulk modulus. The effect of the chosen 
material property for the fluid on the results obtained is also discussed. 


INTRODUCTION 


The SDRW (or window) of a ship (fig. l) is a rubber composite structure. 

It is used for protecting the sonar device inside it and giving a small amount 
of the transmission loss to the acoustic wave. The rubber composite used for 
the SDRW has steel wires of cross-ply construction as its structural reinforcing 
members (fig. 2 ), The maximum amount of the reinforcements used in the window 
is subject to the specification of its acoustic performance requirement. 

The internal pressurization of the window from its enclosed fluid (sea 
water) becomes necessary to generate its additional structural stiffness and 
rigidity. Designers prefer to have the internal pressure being greater than 
the external pressure induced from a ship's operation. However, the maximum 
allowable internal pressure depends on the amount of the steel wires used in 
the window. Under some severe loading conditions such as slamming and impact, 
external pressures on some areas of the window exceed its internal pressure. 

The enclosed fluid is, therefore, expected to play an important role on sustain- 
ing its structural integrity. 

The conventional model, in which the enclosed fluid is not included, is 
adequate for analyzing the window of a ship under a normal operation. It does 
not give us satisfactory results as the window is subject to severe loads. So, 
more reliable results are only available for this severe loading situation, if 
a sophisticated model which includes the internal fluid of the window, is used. 
In this paper, simple models instead of complete and complicated models will be 
presented for demonstrating the application of NASTPiAN to the static analysis 
of a SDRW. 
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CONVENTIONAL MODEL 


The complete model for a type of a SDRW is Ehovm in figure 3- Tliis model 
is for a complete window sti’ucture which is attached to the ship structure. 

The enclosed fluid is not included in the model. It has been used for the 
preliminary evaluation on the structural integrity of the SDRW subject to 
various static loads. They are: hydrostatic forces, internal pressure, forces 

induced from the weight of thv? window, the enclosed fluid and other hardwares, 
steady state hydi-odynamic forces, the equivalent static forces induced from 
the slojiiming and impact on the window, and the combinations of some loads as 
mentioned. 

The window is modeled with quadrilateral and triangular plate elements 
(CQUAD2 and CTRIA2). Their anisotropic material properties (MAT2) are obtained 
based on the rubber composite theory (ref. 1 and 2). Some properties are 
obtained with the use of Halpin-Tsai equations (ref, 3). The appropriate 
boundary conditions are implemented with SPC or SPCl. The loads on the window 
can easily be input with GRAY, PL0AD2 and FORCE. 

The results, obtained from the conventional model for the case of the 
window under normal operational loads, are satisfactory. However, excessive 
and unreasonable deformations compared to the observed are obtained if the 
window is under severe loads. Thus, the external loads on some areas of the 
window are greater than its internal loads. Its maximum displacements are 
greater than the thickness of the windo’V. A better model is, therefore, 
required for obtaining more realistic solutions. After some consideration, a 
feasibility study of the model which includes the enclosed fluid, was made. 


SOPHISTICATED MODEL 


It was developed by adding isoparametric linear hexahedron elements 
(CIHEXl) for the enclosed fluid to the conventional model. These elements 
are considered as a special isotropic solid whose shear modulus being much 
smaller than its bulk modulus. Because of NASTRAN's limitation on MATL, its 
approxijnate Poisson's ratio chosen to be very close to .5 (ref. and Young’s 
modulus, which is determined with the chosen Poisson's ratio and its exact 
bulk modulus, are used. The continuity of the translational displacements of 
the corresponding grid points at the fluid-structure interfaces are constrained 
with MFC. The fluid boundaries are constrained with SPC, 

A demonstrated model has been developed for evaluating the feasibility 
of using a complete sophisticated model for the static analysis of the SDRW 
structure. This demonstrated model is shown in figure H. Two loading cases 
on this model are considered in this paper. They are: (l) a uniform internal 
pressure, and (2) a combined load of an internal pressure and a non-uniform 
external pressure induced from the slamming. 
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SAMPLED PROBLEM 


The simplified sophisticated model used for the demonstration of NASTRAN's 
capability on the SDRW analysis is shown in figure 4. Two circular arcs are 
for the window structure. Their dimensions are given in figure 4, Tlie internal 
pressure is 22.4 (27.1 for the combined load case) N/cm^, The maximum external 
pressure is 40.3 N/cm^ exerting on one side of the window. The minimum thick- 
ness of the window model is 1.27 cm. 

The results obtained from the sophisticated model will be compared to 
those from a simplified conventional model. They will also be compared to 
those from the same mo.'el with air as the enclosed fluid, The Young's modulus 
and the Poisson's ratio used for sea water is .1368 W/cra^ and .4999999. Those 
for air is .844-4 N/cm^ and .4999999* 


RESULTS AM) DISCUSSIOM 


Only the critical results obtained will be discussed in this section. 

They are: displacements, reaction forces and moments, and membrane stresses 

(more important information than element stresses for designing rubber 
composite structures). The membrane stresses are obtained tliru a post-processor 
excluding the bending stresses in element stresses. The effect of the approx- 
imate Poisson's ratio used for the fluid (sea water) on the results from the 
sophisticated model will also be discussed. 

From the results given in table 1, we can find that the enclosed water, 
which has a relatively high compressibility, can sustain the window shape under 
the severe load. Due to the low ccipi essibility of air, the window filled with 
air from the sophisticated model yields results about the same as those from 
the conventional one under both loading cases. As the window is under an 
internal pressure which gives a small deformation, the conventional model should 
be good enough for analyzing the window. Under the severe load, the sophisti- 
cated model should be used. Its enclosed fluid can: (l) decrease critical 
displacements, reaction forces and membrane stresses on the loading side and 
increase those on the non-loading side, (2) decrease critica] reaction moments 
substantially on the loading side, (3) move the maximum displacement and 
membrane stress to the non-loading side of the window. 

The effect or the approximate Poisson's ratio chosen for the enclosed 
fluid on the critical results are given in table 2. A small increment in the 
Poisson's ratio for sea water inside the window can: (l) increase critical 

displacements, (2) change reaction forces and moments negligibly, and (3) 
increase membrane stresses slightly. 


FINAL REMARM 


NABTRAN has been used as a design/analysis tool for the SDRW. Satisfactory 
results can be obtained if a proper model is used. For time and cost-saving 
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purposes, a conventional model which only Includes the window structure can he 
used. If the displacements of the window exceeds its wall thickness, a sophis- 
ticated model which includes, the enclosed fluid should he used for obtaining 
better solutions. The method as demonstrated in this paper gives us reasonably 
good results compaired to those from engineering experience. The approximate 
Poisson's -^atio of the enclosed fluid is recoimaended to be .^ 999999 - With this 
approach, a costly differential stiffness or other approaches may be avoided. 

The method developed by Everstine et al. (ref. 5) has been considered. 

This method can assure the continuity of normal displacements and pressures at 
the interface of the window and the enclosed fluid from the structure and the 
fluid elements. The technique implementing this method for the titled subject 
is being developed. 


REFERENCES 


1. Brewer, H.K. : Stress and Deformations in Multi-Ply Aircraft Tires Subject 

to Inflation Pressure Loading, Technical Report AFFDL-TR-70-62, June 1970. 

2. Brewer, H.K. : Prediction of Tire Stresses and Deformations from Composite 

Theory, Tire Science and Technology, TSTCA, Vol. 1, No. 1, February 1973, 
PP. 1*7-76. 

3. Halpin, J.C.; and Tsai, S.W. : Environmental Factors in Composite Material 

Design, AFML-TR-67-lt23, Air Force Materials Laboratory, Wright-Patterson 
Air Force Ease, Ohio, 1968. 

ly. Fung, Y.C.: Foundations of Solid Mechanics, Prentice-Hall, Inc., Englewood 

Cliffs, N. J., 1965 , pp. 129-130. 

5 . Everstine, G.C. , et al. : The Etynamic Analysis of Submerged Structiires, 

WASTRAN: User's Experiences, NASA TM X-3278, September 1975, PP. 419-1*29. 


282 



TABLE 1. CRITICAL RESULTS 


Loading Cases 1 2 

Displacements (cm) 


A 

.463 


12.81 

-13.38 

B 

.463 


12.70 

-13.27 

C (loading side) 

.446 


.379 

-.26 

C (non-loading side) 

.446 


.605 


Reaction Forces (N) and Moments 

(N-cm) 

(F) 

(F) 

(m) 

A 


2.22+h 

1.35+4 

2.97+5 

B 


2.22+4 

1.35+4 

2.95+5 

C (loe ling side) 


1.73+4 

1 , 66+4 

8.14+3 

C (non-loading side) 


1.73+4 

2.26+4 

2.81+3 

Memhi-ane Stresses (N/cm^) 





A 


2,454 

1,344 


B 


2,454 

1,342 


C (loading side) 


1,703 

1,253 


C (non- loading side) 


2,454 

2,566 



where A is for the window model, B is for the window-air model, and C is for 
the window-sea water model. 
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TABLE 2. EFFECT OF POISSON'S RATIO ON CRITICAL RESULTS 


Loading Cases 

1 

2 

Displacements (cm) 

D 

.3T6 

.505 

E 

.1)32 

.595 

F 

.41)6 

.605 

Reaction Forces (K) 

D 

l.T +I 1 

2.24+4 

E 

1.71+4 

2.24+4 

P 

1.73+4 

2 . 26+4 

Membrane Stresses (N/cm^} 

D 

1,642 

2,419 

E 

1,673 

2,534 

F 

: . r "03 

2,566 

vhere D, E and F are for Poisson’ 

's ratio being eq[ual to 

. 4999 , .499999 

and .999999 respectively. 
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Figure 2. Cross-Ply Construction of Rubber Composite 
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Figure 6, Deformed Shape of 


UNDEFORMED 



Window Filled with Air 
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SOLVING MAGNETOSTATIC FIELD PROBLEMS WITH NASTRAN 


Myles M. Hurwitz 
David M. Taylor Naval Ship 


and Erwin A. Schroeder 
Research and Development Center 


SUMMARY 


Determining the three-^dimensional magnetostatic field in current-induced 
situations has usually involved vector potentials, which can lead to excessive 
computational times. A recent paper shows how such magnetic fields may be 
determined using scalar potentials. The present paper shows how the heat 
transfer capability of NASTRAN. Level 17 has been modified to take advantage of 
the new method. 

INTRODUCTION 


All classical electromagnetic phenomena are governed by 
equations: 

the four Maxwell 

VXH- J + ll 

(1) 

V xE + 1“ = 0 
d tZ 

(2) 

V • D = p 

(3) 

V • B = 0 

(4) 


where the vector quantities are defined as follows; 

H Magnetic field strength or intensity 
B Magnetic Induction or flux density 
J Current density 
E Electric field strength 

D Electric displacement 

and the scalar quantities are defined as follows; 

p Charge density 

t Time 


There is also a constitutive relation between B and H, given by 


(5) 


B = pH 
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where p is the magnetic permeability. 

Electromagnetic problems are often solved by Introducing and solving for 
the magnetic vector potential A, where 

B = VxA (6) 

Spreeuw and Reefman (tef. 1) used this nsethod with NASTRAN in solving for 
harmonically oscillating electromagnetic fields in the presence of conductors 
carrying alternating currents. However, in order to use the existing 
structural and heat transfer capabilities in NASTRAN, simplifying assumptions 
had to be made. In particular, the magnetic vector potential A and the source 
current densities J were allowed to have components in only one direction, and 
those components were invariant in that direction. These assumptions 
effectively reduce the problem to one of solving for a scalar potential, which 
can be handled by NASTRAN' s heat transfer analyses. 

In the same paper, Spreeuw and Reefman also considered a problem in which 
A was not unidirectional and were able to use NASTRAN 's structural analysis 
capability onlv because the governing equations uncoupled for the components of 

A. 


Another problem with this formulation is the requirement that 

V • A = -£p|| 

where e is the electric permittivity. 

Spreeuw and Reefman used a separate post-processor to handle this condition. 

Frye and Kasper (ref. 2), in solving magnetostatic problems using the vector 
potential, use a Lagrange multiplier method (similar to multi-point constraints) 
to satisfy constraint (7) . They also point out that special boundary conditions 
are required at boundaries where the permeability p changes. 

In reference 3, Zienkiewicz, Lyness, and Owen have developed a method for 
solving general, three-dimensional magnetostatic problems using scalar 
potentials, so that standard heat transfer analyses may be used and constraint 
equation (7) is not required. They also indicate that special boundary condi- 
tions, such as those mentioned in reference 2, are not needed. 

The present paper shows how this new method has been implemented in 
NASTRAN Level 17. 


BASIC EQUATIONS AND ASSUMPTIONS 


The problem to be solved is the determination of the magnetostatic field 
due to a body placed in an existing magnetic field produced, for example, by 
direct current-carrving loops. The materials are assumed to be linear, but 
may be anisotropic. The governing equations are; 

7 xH = J (8) 
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B «= 

yH 


(9) 


y • B 

n 

0 

(10) 

Zienkiewicz separates U into two 

parts , 





H « H 


H 

(11) 


c 


m 

Hj, is the field In a homogeneous 

region 

due to current J, satisfies 



y xH 

c 


J 

(12) 


and is computed using the Biot-Savart lav/. is the unknovm magnetic field 
strength and satisfies 


VxH =0 (13) 

m 

so that Hjjj = (14) 

and V • y V<|. + V . p = 0 (14a) 

where ^ is the scalar potential. Zienkiewicz then uses standard variational 
principles, with equations (9) and (10), to arrive at the standard finitt 
element form 


K(j) = F 

where K is the "stiffness" matrix, 

F is the "load" vector, and 



f = J (VN II dV 
1 „ i c 


(15) 


(16) 

(17) 


where 

til 

N. is the finite element shape function for the i grid point, and 
i 

V is the volume of the finite element. 

The formulation (16) for k^j is exactly that of the standard heat transfer 
conductivity matrix with magnetic permeability y playing the role of thermal 
conductivity. The formulation (17) for f^, however, is not a standard heat 
transfer quantity and must be computed either in a separate program and input 
to NASTRAN or in a new NASTRAN capability. Also, note that fi is element- 
dependent, as evidenced by the shape function gradient in equation (17) . 
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Equation (15) is solved for <{i subject to standard natural or forced 
boundary conditions, Hjn can then be computed from equation (14), and the final 
results can be obtained using aquations (11) and (9) . 


NASTRAN 1^^PLEMENTATI0N 


To solve magnetostatic problems with NASTRAN Level 17 using the methods of 
the previous section, we select rigid format 1, HEAT approach. However, we 
have modified the program to 

1) compute the li^ field due to circular, direct current-carrying loops; 

2) accept a specified Hq field; 

3) compute fj^ (equation (17)) for the axisymraetric solid ring elements 
TRAPRG and TRIARG; 

4) perform the addition specified in equation (11) , where H[n is a 
transformation of the "temperature" gradients; and 

5) output B (equation (9)) for subsequent NASTRAN plotting. 

The implementation thus far has been limited to solid axisymmetric 
problems using TRAPRG and TRIARG finite elements and is running on the DTNSRDC 
GDG 6000 computers . 


NEW BULK DATA CARDS 


Two new bulk data cards have been introduced into the program for 
computing fields. They are CEMLOOP, for computing the Hj, fields due to 
circular current loops, and SPCFLD, for specifying at selected grid points. 
(See figures 1 and 2 for detailed descriptions of these cards.) 


MODIFIED NASTRAN ROUTINES 


Nineteen existing NASTRAN routines have been modified to accommodate the 
new capability. The routines and the nature of the modifications are as 
follows; 

Routine Reason for Change 

IFF , IFS4P , IFX1BD-IFX7BD Recognize and check new bulk data cards 

CEMLOOP and SPCFLD. 

LD21 Restart with CEMLOOP and SPCFLD in Static Heat 

Transfer Analysis. 

GP3A,GP3BD Recognize CEMLOOP and SPCFLD as "heat transfer" 

load specifications and place on HSLT (Heat 
Static Load Table). 
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Routine 

SSGSLT 


EXTERN 


XBSUD, X^ffLlJD 

XSE^aA 

OFPIA 


OFP2ZZZ 


Reason l:oi.‘ ChaiiRe 

Retrieve CEMLOOP end SPCPLD specifications from 
IISLT. CEMLOOP cards are copied directly to 
data block NEWSLT for later processing. All 
SPCFLD specifications are combined into one 
vector giving total Hj, at all grid points. 

This vector is placed on NEWSLT. 

Call new routine EANDM, which retrieves CEMLOOP 
and SPCFLD specifications from NEWSLT and 
computes f as given in equation (17) , 

Specify table updates so that NASTRAN will 
recognize new functional module EMFLD. 

Call new functional module EMFLD. 

Specify new headings to output new data block 
HOEHl giving magnetic field strength and 
induction. 

Call for new headings from OFPIA when HOElll is 
recognized , 


NEW ROUTINES 


Three new routines have been developed. Subroutine EANDM reads into open 
core CEMLOOP and SPCFLD data from data block NEWSLT, reads information for an 
element from the Element Summary Table (EST) , and calls an element-dependent 
routine to compute the load os given in equation (17) . 

Subroutine EMRING is called by EANDM aiid computes the load due to CEMLOOP 
and SPCFLD specifications for solid axisymraetric trapezoidal (TRAPRG) and 
triangular (TRIARG) rings. We assume that is constant over an element. 
Therefore, for TRIARG elements, is computed at the centroid due to all 
CEMLOOP 's using an elliptic integral formulation. If SPCFLD 's are given, llj, is 
computed to be the average of the Uq's at the three vertices. Each TRAPRG 
element is divided into four overlapping triangles, and each triangle is treated 
Of.’ a TRIARG element. Once Hj. has been computed for a triangle, equation (17) 
is used to compute the load at each grid point forming the triangle. Subroutine 
EMRING also outputs to Fortraia file II certain elemev\t information, including 
H(-, for later processing by functional module EMFLD. This is a temporary 
method for passing information from EMRING to EbfFLD. The normal method, of 
course, is to use data blocks. However, subroutine EMRING resides in functional 
module SSGl, and adding a nev^ output data block to that existing module would 
require a change to every rigid format in the program. These changes will be 
made at a later time. 

Subroutine EMFLD, which is also a new functional module, computes the 
magnetic field strength and induction, according to equations (11) and (9), for 
each finite element in the model. EMFLD retrieves from data block HOEFl the 
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"temperature" gradient for an element. Since the gradient U,„ waa computed in 
an element coordinate system, EMFLD transforms it into basic coordinates. Then 
Fortran file 11 is searched to match the element identification number, and, on 
a match, li^ for the element is retrieved, added to the transformed Hi,|, and put 
out to data block HOEHl. Also computed and output to HOEHl is the magnetic 
induction B. HOEHl is later output using normal Output Pile Processor (OFF) 
execution, EMFLD also computes and outputs other information for plotting 
purposes, as explained in the next section. 


PLOTTING MAGNETOSTATIC RESULTS 


Normal NASTRAN plot processing allows for deformed plots based on grid 
point displacements or contour plots of stresses. In the present analysis, 
however, the "displacements" (the scalar potentials) are of little use by 
themselves. The "stresses" (H or B fields coming from EMFLD) are more useful, 
but what we would really like to see for "nice" plots are the lines of 
induction. The lines of induction indicate the direction of the magnetic 
induction B, and the number of lines per unit area indicates the magnitude of 
B. Wliile we do not presently plot these lines of induction, we do plot the 
actual induction, magnitude and direction, for each element. Therefore, 
functional module EMFLD outputs other quantities as follows. For each element, 
two coincident grid points are created at the centroid of the element, and the 
corresponding GRID cards are punched. Also punched is a PLOTEL card connecting 
the two grid points. (The length of the PLOTEL element is zero.) Then a 
"displacement" vector is created by assigning zero values to each of the 
original grid points in the model and assigning the magnetic induction value 
for an element to each of the two coincident grid points created for the 
element. (The "displacement" vector uses six degrees of freedom per grid point 
since B is a vector, not a scalar.) This vector is packed in EMFLD and output 
in DMAP using module OUTPUTl. On a subsequent NASTRAN run, the new GRID and 
PLOTEL cards are merged with the original data, the "displacement" vector is 
retrieved using DMAP module INPUTTl as data block UGV, and a deformed plot is 
requested with the VECTOR R option. This NASTRAN run is performed with rigid 
format 1, DISP approach, and ALTERs are used to execute only those modules 
required for deformed plots. The plots show the original structure as an 
underlay, and a vector is drawn at each element centroid indicating the magni- 
tude and direction of B in that element. 


SAMPLE PROBLEMS 


At the time that this paper was being prepared, the only axisymmetric 
problems run with NASTRAN for which analytical results were readily available 
were problems with uniform permeability. The comparison between the NASTRAN 
and analytical results was very good. Although problems with nonuniform 
permeability have been run with NASTRAN and "reasonable-looking" results have 
been obtained, analytical results, required for verification, are still 
forthcoming. 
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Input Data Card CEMLOQP Circular Current Loop 


Description; Defines a circular current loop in magnetic field problems- 
Format and Example; 


1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

CEMLOOP 

SID 

J 

AXI 

XI 

Y1 

Z1 

X2 

Y2 

+A 

+A 

Z2 

xc 

YC 

zc 

CID 





CEMLOOP 

3 

2.5 

1 

1 

5.2 

0. 

2.25 





Field 

SID 

J 

AXI 

X1,Y1,Z1 

X2,Y2,Z2 

XC,YC,ZC 

CID 


Contents 

Load set identification number (integer > 0) , 

Current through loop (units of positive charge/sec) (real i 0) . 

= 0 nonaxisymmetric problem (not yet implemented) 

= 1 axisymmetric problem; TRAFRG and TRIARG elements are 
implied (integer) , 

Coordinates of two points through which the loop passes 
(given in coordinate system CID) (real) . 

Coordinates of center of loop (given in coordinate system 
CID) (real) . 

Coordinate system identification number (Integer t 0) . 


Remarks : 


1. Load sets must be selected in the Case Control Deck (LOAD=yiD) to 
be used by NASTRAN . 

2. If AXI=1, Y1 must be 0. or blank, and all data fields after Z1 must 
be 0. or blank. (Continuation card need not be present.) 


Figure 1. Bulk Data Description of CEMLOOP 
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Input Data Card SPCFLD Specified Magnetic Field 


Description; Specifies magnetic field at selected grid points. 
Format and Example; 


1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

SPCFLD 

SID 

HCX 

HCY 

HCZ 

G1 

G2 

G3 

G4 


SPCFLD 

18 

12.25 

0. 

62. 

8 

1/ 

103 

1 



or 


SPCFLD 

SID 

HCX 

HCY 

HCZ 

GlDl 

THRU 

GID2 



SPCFLD 

18 

12.25 

0. 

62. 

9 

THRU 

27 




or 


SPCFLD 

SID 

HCX 

HCY 

HCZ 

“1 





SPCFLD 

18 

12.25 

0. 

62. 

“1 






Field C ontents 

SID Load set identification number (integer > 0) . 

HCX,11CY,HCZ Components of specified field (real). 

GijGIDi Grid point identification numbers (integer > 0). 

-L Implies the field applies at all grid points. 

Remarks ; 

1. Load sets must be selected in the Case Control Deck (L0AD=SID) to 
be used by NASTRAN . 

2. All grid points referenced by ClDl THRU GID2 must exist. 


Figure 2. Bulk Data Description of SPCFLD 
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TR/iN3IENT2 BY GUESTRUGTURINQ '.7ITII DM/iP 

Thomas G. Butlor 
BUTLSR /J^ALYSES 

CUMIVJJY 


Automated Qubatructuring iii level l6 of JIASTRi'JI v;as employed aa a preface 
to the acluticn of o chtroct tranaient analysis. The DMj’iP ALTER atatementc vs:it- 
tcr. to adapt the auboLi-ucturirg for traaiaior.t purpcsec are explained. Data re- 
covery was accomj^liahod v/ith tranafer functiona. Proof o.f the success of the 
method is presoubed vlth on application to a pIgbIc struc-iu’6. 


IMTEODUCTICN 


Bubstructure analysis capability in NABTH.d'I has been automutod for rigid 
formats 1, 2, and 3 only* Patl;er than v.'ait for the oxteusion of automation to 
rigid formc.t 9i it v;as found advantageous to use as much of automated substruc- 
turing lo is now available. Considerable effort v;?s needed tc couple the sub- 
structui'e data to the transient anolyslc and then recover tVie transient responses 
of individual, substructures. 


The tv/o principle features of substructuririg that made this effort woi'th 
v.'Tiile '.;cre the ability to condense small pieces of the mabricus at a time and 
the ability to combine component cuboti'U''tures in different ways. The sbruc- 
tui'o under investigaticn was liable tc damage, and the atbiactic’’ of substruc- 
tui'ing was its ability to substitute damaged oompone;its for the hapless prede- 
ceasorb. Many additional advantages of substructuring became evident during 
the progress of the analysis, but the most notable was the necessity of the 
analyst to organize thoro ugl: J.y , 

The method presented in this paper could be charactorized as a five phased 
£U*,alybis as opposed to the usual three inautomated eubstructuring. Dove Ilerting 
of Univci's'J. Auialytics was extremely helpjful in planing the soluta.on path and 
other jubst''ucturing items. Phase one def-Lnes the basic substructures without 
load. Phase two ocmb.lnes components and roducen thot.i to a fi"Ll pseudostructure 
but applio.'' deformations for a loading. Phase three recovers hifluenco coeffi- 
oio -.t i'latricos for the responses of individual component substructures to the 
deformations of the pscudostructure. The noxt phase is the direct transient 
analysis of the sca2.ar model of the p^cudostr*ucture, but is not caHled phase 
four. Phase four recovers the response of individual component substructures 
to the transient excitation using modified static rigid format. A post-pro- 
cessor was vjritten to scan the stress data for the times and locations of parts 
exceeding a threshold value. 
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'SCLimCN STRATEGY 


Answers need to be found tn none iTPportent quoctions ''(hen one proposes to 
uEo slfbstructur'' nc with tronoionto^ For Inctnnoo, 

V/lnt can and what enn't r ’.".■!:'’'rinted Fubntrucitiu'in^ do? 

How in the tr^rsfer of matrix data from phor.'. fwc to ir'rid ■rnv.'irt 9 
o '^coTTT.iirhcd? 

V,1n.t boo to >’t> done to the tromlont ricld format to roeccui^.o the 
mntrlco-i offnred to it bv (rubnt'‘".oturinc? 

How in dnr^vinc irt'’oduccd? 

Hov: in transient data to be roooverod ■in the componont oubstruotures? 

How arc pints to be obto^nod? 


Outline of Se’’ntion 

An vsLth any : nvostiqntlon, '’!''ow''"s to questions beget more quectlons. 

The nnswors vrill therefore not be clesr-cut until a chain is satisfied. In 
short, automated rutstruo-'-urir.c ann orgonise the oliaractoristicB of the peoudo- 
structru'Cv as it is modeled for traJ'.niontn , into its stif'^’ncso md mass matrices, 
but v/ill joLeld ncit''or a damping matrix nor load'ing. At first blush, it seemed 
feasible to reprocent this psoudontruc-^uro in sorlnr form for rigid format 9* 
Knov-flng tho rote-tned degreos of freedom in the pneud 5struc-'”.:rc, one then calls 
for an CLiuLvalont number of scalar points for transients. During transients 
tho matrices from phneo tv/o siib.structuring can bo introduced by •> DKjIP ALTER. 

All mati'ix generating modules can be by-passed and. all matrix partitioning can 
bo circuim'-ented because all SPG*s, MPG's, and OHIT's v/ore incorporated during 
the formation of the pseudostructure ati-ffnoss matrix. Taking tho response 
output from the TRD module one ran process it by influence coefficient Ltiatrd.ces 
to recover the component responses. This sounds fairly straight forv;ard, so 
one is encouraged to tangle vdth the detailed problems. 


Data Recovery 

Looking first at the data recovery problem using influence coefficent 
matrices, it helps to think in terms of n super stiffness matrix. In phase 
tvro if a unit dioplacoment were imposed in one degree of freedom vfhlXe holding 
all others to aero and this is done for each degree of freedom iii the pseudo- 
structure, it amounts to an enforced displacement in the form of a unit diago- 
nal matrix. Translating this notion to specifics means that a unit diagonal 
matrix is needed for substitution ."s the UGV matrix after module 5DR1, Now the 
SOLVE and RECOVER modules can process the results onto tho GOP (Substructure 
Operating File)® 

Appendijc A contains tho details of hov/ these ideas v/ere implemented. The 
Operations that are important are the DMI input of the unit diagonal matrix, 
the substitution of the unity m-atrix for UGV with an ECITIV, the u.sc of a SOLVF, 
command to name the pseudostructure for v/hich the solution chain is intended, 
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anfl the une of ’’ t'^' the •lolutloti latn nut on to thn "0^ in 

on orderly fashion so thnt phase three executions ca.n readily partition the data 
from the internal substruoturine book-keeping scheme. 

A rare thing was uncovered that /xlmoGt shattered this plan. A non-open- 
endedr.ess, which is quite contrary to the original design philosophy of NASTPAN, 
was encountered. Only 100 subcaaQS were provided for in any one excrution in 
lovt-’l l6. But this pneudostructure was of order 91^, To impose a unit dis- 
pDacemant in each of the 916 degroer of freedom one at a time, meant the assign- 
ment of n static subcase for enoh of the 916 enforced dof Drmations, It was s 
rare loold.ng Oase Control packet that was as I'^^rge as the Bulk Date deck. In 
discussing this unhappy event with John McDonough of Computer Sciences, he said 
that relief of this il imitation v;ns already v'orlfod out by extending the allowance 
to JOO subcases. This was small comfort in view of the need for 5 times that 
amount of relief before this job could execute. The good nev/s v/as that John 
hn.d determined, during his investigation prepcoratory to increasing the allov/anoc 
to 300, no table restriction or other Itind of overflow condition v/oui.d be con- 
fronted if a further extension were attempted. It took two tries to dilate 
both the standEird solution and the automated cubstruc tuning section to order 
1,000, This has not been generalized yet, but a scheme ic believed to be under 
consideration which wil]. uJ.low the analyst to corrmi’jjiicate his needs bo the 
03C.AR and the SHAT by either a DI/.G cr MAGTDj\M card entry giving the size of his 
non-standard subcase turay. 

The second step in data recovery is to create a set of influence coefficient 
matrices using automated substructuring phase throe. The dimension of the i,j'l 
term of the influence coefficient matrix is 


"Displacement in the i'l Unit displacement in the 

degree of freedom of per degree of freedom of the P/S," 

a Basic S/S 

where S/S means substi’ucture and P/S means pseudostructurc. Any such maitrix 
will designated where INFL represents the matrix of terms with di- 

mension u/U=l and xxx is the subscript to denote the basic S/S b;/ name, T!iis 
influence coefficient matrix will be used in a post-transient operation to per- 
form the matrix multiplication 

to obtain timp varying displacements In a component 3/S, where U(t) is a matrix 
of the p/s response displacement vectors at each of the transient outpil tires, 
and u(t) is a matrix of the response displacment vectors of component S/3, xxx, 
at corresponding transient output times. 


In computing these influence coefficient matrices during phase three, the 
number of subcases are required to match the phase two array, Tliis means that 
in the particular x-iroblera, the phase three runs for each com onor.t substructure 
contained 'JlG subcases. iico igau’. tMs plur. i.'as (il.;:o-jt shattered by a bug. 

For econony purposes the phase three runs were subnittod as restarts of the phase 
one checlEpointod r.ms, 3ac> phase one solution v;ao 3. F. 2, and each phase 
three solution vvas R. F. 1, The pliasc tljree restarts aborted. Only by the 
chanciest strokes of good fortune did Jolin McDonough happen to liave faintly 


303 

ORIGIJ^AL PAGE 15 
OF POOH QUALITY 



retnombered thut camewhcr© ho hooi’d thc.t .:oir,o diXfioultji with reetarta were over- 
come by uoint; option 9 o" t^hc flOL cai’d, i.e* SOL lt9* v^orkedl In offec'" 
option 9 avoids the conaideratior' of the optimisation featm'oa of R* P. 

This bug appeared dui'ing res tar to involving change of rigid formate only. 

Tiiiu phauo tlii’oe operation la p.ot out of tho \/oods yet, becauee a needed 
data block from tho phase one run did not get checkpointed, Axjpendix B given 
the details of hov; to i-omcdy titia defect. Appendix B also expla'no hov/ the INFL 
matri:: io equated to the UGV nvatrix imd ic then written to disc files for the 
final solution i'ceovery. 


Before talcing up the piroblenis vvitl: bi-uiisiotito, tho third and last step in 
data recovery wi]d bo completed. Aosumiiig that the matrix of p&-* .doD'tructurc 
response displacement voctoro, U(t), hue been cuccessfully written bo a disk 
file, o!;d asGuming that tho IIIHj matrices for the yevti'al basic substructures 
have boon va-ittcr. to disk files, tVic Lank of recovering basic substi'uoturo 
time varying responses in dirulaoements, streoEOS, and forces is at hand. 

These jobs will be outside the renlni of automated substructuring except that 
they will be restarted from phase one checkpointed runs. The first task to be 
pcrfox'mod is tc sot up the case control such that the vector of response dis- 
placements at each output time slice shrD.l be considered as a static aol\ition 
case. The labelling of each oabcaso the output time proves to be a great 

convenience. Novrt , the rcstai't data Ixas to be fetched in order to re-establish 
tho Internal book-ke-eping scheme oo tli„,t the OFF (Output File Froccssor) module 
can function In on ordei-ly ra,sliion, Gince Lho product QQrFLl L^(t!y_will xn'o- 
duce a matrix that con be considered the static sclutioir iiia^i’ix M, no matrix 
generatorc or matrix partitioning is needed. The first module needed niter the 
undo formed x.lot routines is GDRS so the ALTTR packet to bring in the cntrices 
and do the matrix r.aAlfclply, can sttui't just before GDR2. The outputs from SDK2 
are than delivex'cd to OFF tc satisfy the output requests in case control. The 
stress table ic output for scSiiixing by a post processor. A normal tei'iaination 
turns contrwl over to the PLOT roui-ino r.uil exits. BetailE of ho\J these tasks 
were Implamentod arc ^iven j.i'. Appendix 0. 


Transient solution 


Problems foi' transient solution begin in pliase two of oubstructui-ing. Due 
to a bug in tho commend "IITDUCE" tho macs mati'ix v-hi.ch is produced is designated 
as squai-e not symmetric. If tliis wore allowod to go un.cox'rected transient sol- 
utions v/ould be -I times more expensive tlTiari expected, because the trailers woil.d 
telegraph to tho DCOMP and FBC moduleo that unsy.:motric x'cutines vjc'.J.d have to 
be called. .1 schemo was devised, which after much otroamllning turns out to be 
disarmingly simple, using lEROK ivc change this trailer from squai-c to symmetric. 
It was no o:.;all task to discover hew simple it could be to output the poeudo- 
otruoture stiffness an'1 mass matrices. It was a mutter of discovering that 
thci'e was a module within tho substructuring lexicon that was available for ad- 
dressing explicitly but v'hich v.eis not indivrl,dual.ly featured, Tho name of the 
module is 30F0, It is incci'poratod frequently in the list;i.ngs of DI>LAT .'JjTEF 
packets for major commands, so by studying those coimnands listings it finally 
registei’ed tliat if ''they'* ceji do it then I can dc it. The two complimentary 
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:noJaloLi ‘xnd Z0FI dcacrvo to bo given individual bi3.1ing in Llic dooumonta- 

ti.a. TiL,t'.ngr if theiv vioc f;^i‘ !’'v' L'-ullor clinngo !o jyracti'y nnd fer tLo 
ou'tv'ut of ntiff'icnr. nnri men matricou arc contaiiiod ip] ondix D« 

:i profnee ti Oic t v-kr. ralntlng to 'cT'nncii.'ntL- , i t ..’o d.c'' bo '..'cTI to pon- 
do” whhi tbo nimn arot it tie v-ay lyu'.-t th-,i .,'Ulpnt ; ...nl.t for the popurlo- 
ntiMcturo 'bould he a mtrix of dirplnccniont roii; o’-ao ■•.■o' ora '..t •, no rune o n” 
f-’e .F Ir. n. rcocih''.y vo'’or:.ty and rrciQ.” t:'.:. 'utp riny bo needed. Plots 
of the pseudostruebrn’o ere coi'tainly desiroable. It Ir, tntindabory bliot the 
trojiaionto bo able to bo restarted ul a tine eai’licr than the latest tii:io of 
the preceding run, Pesttu'ting the problem v/ith an old set of initial conditions 
on u new configuration nuat include nccclei‘ation. The liiodel is to bo scaltir 
v/itli matricoE to be delivered from the jhaso two pBCudostructare. Loads ai'o to 
be applied to this scalar model. Damping nooeb- to be .inti'oducod. 

Strange to caj", the daiiipJaig problem will be discuoaoct first. T)io reason 
for ti-ia order it; to settle the question as to whether al3. nuttriac generation 
modules con be by -passed . If uniforis otructural dumping is an acceptable 
representation of the way the structure behaves, then the dtunplng mati'ix cmi be 
generated by a scalar multiplication of the stiffneca matrix, v/hich alreadj' 
exists. This was decided on. Consequently, all matrix generation modules 
could be by-paaaed and an /iLTI'D packet could be added v.hich woilcl do the muti'i;i 
multiplication and v;hatover related parameter I’^anipulLition that wou-ld be needed. 
The lulit Data of course niust contain a faiRAM cni"d for t:ho W3 frequency. I'^lea 
Hurwits of David Ttiylor NSRDC was of inestimable value i.n helping v/ith parameter 
nianipulatioiiG and other system problems. 

riov/ the opei’atiun of bringing in the stiffness Eind nuss matrices from 
plinse tvifo is simply a mttei of using INPUTTl and renaming them with an EQUIV 
statement so that ti-anrionts can proceed along the normal chain of the rigid 
formal;. The Bulk Data of course must contain an SPOINT cai-d f:ci:taining the 
number of points cqutl to the degrees of freedom Li the pscudoatructure. 


Tlie problem of load dcfi;iitlon is mrin 




, r^omo', 


ac/ilar, t';r nr.l'ure of 


nont of load luvs a separate amplifier 
xs raiUiC Lui or.tnU'1' jOkJO. IIil^ I.I-l* 

is ncccssai'y to c:msult 


Lion time hi 

VI VwcL r f'.Uoii. 


of booh“lccu^,‘.ng, Jhethor 
Ibo Ict.d As such Lh.,t each coirrpo- 
1st cry uO the TABLEDl input data 


-L X o - ' to .X i / Om ts ■ so X L 


^r.blo to determine ;/hiul‘. scalar po'nt coxu’esponds to 
a leaded component of a geometric pc '.at, Eoriunabely, the autcrmxted subs true- 
buring output items xuiticip.vte bids need very .dcoly. Th.; name of !;Iie table 
vwdeh tahulotes the correspondence botvjecn ai; u'.tcrnc,l ilogi-ee of freedom number 
iuid tLo physical point compunont is "BUl-IMARY CP rSSUDOGTRUCTUKE CCrWSCTIVITISS . ” 
Tills table is planted in res ’onso bo the a:ialyst*o selectirn of subcommand 
"OIFITUT Option 12'* dmdr.g a OCUBTIFE operation. Of course, in this case U'le 
table to bo used is blvii associated idth L'ho final CCfTIINI] operation v;/lilch pi'o~ 
duced the firal pscudo-structm’O. If however, the opcrati.cn which pi’oduced the 
final pseudostructure cunfiguration wei’e a DEDUCE operation, then one needs to 
consult 0 pcxii' of tables:, the E:'.GC set of tables and the test PSEUDOSTRUCTURE 
CUNMECTIV IVIES table. The E.^SS is printed in response to the analyst’s se3.ee- 
tion of option 5 of the subcommand OUTPUT during a IffiDUCE opei'ution. 
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Th(i problcn cf rusbax'tirG the txani:ient integration at c. t'.iiie earlier tlian 
the laat or t\ie preceding run is cornplex. The reason, for imposing this req.uire- 
mont is that damage ia expected tc occur to the stx’ucture, but the time of dam- 
age won't be knoxm until the rosultu of a previous run are examined. If a 
strecn level is found to be oxceected, the flexibility is provided to substitute 
a replacement substructure iu. a djuungod configur’ation. The reconfigured struc- 
ture will thou be rectartod at the instant at which the sbrooo level was found 
to to exceeded. This caijability bo restart at an eai'lior t'r'ie meant that a 
chenge iii the code of the TIID module had to bo made. Simaltanoously , a provi- 
sion "SI the DI4AP listings had tc be made to allow foi' the modification of two 
book-kuexjing itema. The value cf the parameter KCOL bad to be set to tell the 
TiJD rxdule at v.iiat column in the matrix of the displacomcntu, velocities, end 
arcelur.atious the data is to be futohod to represent the j.nitial conditions at 
tho time of ro^tai't. The table TOL (Transient Output List) has to be enabled 
so that additions ciui be made to the table. The chcuigcs to the code x’ncl to tho 
DMA.P were all gcnercusly provided by ?. It. T-amidi of Computer Sciences. 

The problem of initial conditions on a changed ccrifigui\ation could now be 
liandled as a rosturt at a time specified by the MCCL and a revised TGTEP cai'd 
without having to go into an exterral dcfijiitio:’ using an IC card. Such a re- 
start also px'ovides for iui'tial accelerations to be imposed as well as initial 
velocities and displacomenxta. Guch gymnastics are possible under two conditions 
First, the changed configuration must have matrices of the same oise - (order N)» 
and in the same sequence as the o-;iginal model. Gecor.dl.y, the anaH.yst has to 
be content with the approximate values of the initial conditions on the changed 
configuration being tlie same as the ti^rmlnal values of its predecessor. Under 
certain cenditione this reconfiguring w: th substx-ucturing allows an analy.st to 
get valuable information about a nonliixeur problem using linear analycis. 

Tho final transient bask arises because of tlie po.i’ticular nature of the 
UDVT iiiatrix. The CFP arranges a triplet of value:- for^every time. Consequently 
UDVT consists of U, tJ, & fl at t^» followed by ”, U, 1 U at t^ , oi‘.d so forth 
through "^ime t^y. Only tlio ni;'t"av of tine varying d5 splacements is needed for 
the ^'^ata ..'cnovcry phase; tlio'-ofore tho iicplacemc’-^ts will h ',ve to be stripped 
from UDVT by use of the DM'I’ xitulity r.'’iTvTN. Of course, a partition.-V-ng vector 
v/ill have to he defined by FMT in the HiO’- Data, to which PARTN can refer. 

Having the matrix of displnceronts only, it junt I'cmnins to use OUTFUTl to read 
them onto an exto.-nel disk 

Unfortunately, plots of the pneudostructure cannot be obtained because it 
was defined in H. F. 9 by scalars v;''ich have no goomotrj.c proportios. ITcwevnr, 
Ijlotc of each indiiriduol basic nutastructui'c can be obtained in tho data recovery 
phone. A listing rlorg v/ith ojcjilanationc of tho ALTEH packet for H. F. 9 bo 
implement these tasks arc given in Appendix 15. 


APPLICATION 


The tecliniqne of combining automated substructuring with direct transients 
w-'s appl.iod to the analysis of a ouiwent missle. Figure 1 shows a picture of 
the hardvxare. Figures 2 through 7 depict the undeformed plots of the substruc- 
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QV poou 


P^GE IS 
unM/ry 


t'ji’on, Ficure 8 ahowi. i rhart j:;lvinc the evolution of tlio r^nulyrin fro::i '-ho 
duftnitinn of tndivi'’^'il rubntructuren, the comMrin:; irto pr>eud'^r.tv>uo1nu'on, 
t’i 'ou;jh trrinciont analyoio and fi.n'illy data recovery. chart tr ’>r.un'' ly 

caUod a substructure nr.aly.tir. tree or rinihly r, tree. In tliia roro, I'TVfovor^ 
there are five rln'iea nnctead of threo. Fism’o 9 diryloyR tVie v'etatienn in 
the tren vmder different confiy;uratlonra with n tniniria''. ''.f nnnotrtinn. 


'^he tochni-'yiQ proved tc be quite succe in 

oompai’od erite favorably with, two full scale testa. 


( 1 


the nnnlyticrJ venulta 


iiiNininirr 


Natu"ally, when one ncldcveG a ce -tui.n racar.ur:.- of sucoc'-s with e task, 
the thinlnin" p’'oco.nr docs not end abruptly. It has cccuvod to 'v.o that sotne 
thinen could hove been done differently. Cue •in ia the rrea of dyuE-ndc loads. 
Allow me bo retrocrecs for- a 'nomenh. During bho atrOyGif “rent enro won token 
to control the b.-md and the don.uity of the K matrix. Banding v;aE porfoi’mcd 
nn each substructuro, Condenoationr wo"e rerfnrmed on mstriev-'r wht)”ever poo- 
olblc v.'hon they ’..ore of small order; c.^, ObUT’s '•,'oro introduced in phase 1 os 
deeply an pc 'sible '..-ithout intorferlr.^ v.’lth connoct’ion.s ra' loads; reducing ',/rn 
used in phase two at oonnection d.ntorfacer without ’'.ntorforing with Ineds. 
Cendcnr.ationo, o.ft-r leads v;ero defined in t"an.sientG^ were c moldornd but nban- 
doned, brenure the pry-off • •".anp |••>’•rde-off.': wns n.et i mined ia*'oly evident. ?ar« 


b-sc 


n 


allol condennation.n v.oald Iv'vo to be porfTmed : 
boc.-'ii.” ■' m.' .trice.-' v/ould h'ure to be delivered to T?. F. o in uncondonned form, 
then .0 ph.'se tv/o condensation vro\<ld hnvo to follow the iiv-'.trix transi’oi' to match 
the condensation that would take nlace in transients, because data rocovex’y of 
necessity i.s based upont the mtrices in ”Sn.[SPL.lGFWlNT" form from t.ransients. 
This penalty of double condensation plus the increased density may outweigh 
the rdvantage of order reduction in transnent DCObiP and FB.So A v/aj' of oraittdjig 
tlie double condensation penalty ha.s sm’facod after tlie analysi.s. The DABEA 
lopding could have been represented ac "unity" .static loading in pha.ses one 
and two v^jith condensations i-ucludlng some of the lo.aded jioints. The "static 
load matrix" could be examined after phase two .and before transients to jirrive 
at the weighting functions different thaji 1 for the DABII/. cards, Talme ampli- 
fications would have to be adjusted accordingly. 


Another post hoc idea occurred in the area of plotting. After the tran- 
sient analysis of the scalar model was conqileto, another grid point model could 
be as.seinbled with a grid point for every scalar point wherein the other 5 de- 
grees of freedom would he constrained. An ALT3F packet to admit the static 
and deformed PLOT modules and substitute the scalar IIDVT foi’ the "BDISPLACE- 
MENT" ini5ut to the VDP module would allow the plot;-, to be- obtained for the 
pseudostructui’o transient response at a small cost. 
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CONCLUDIHCf .REKu\RICS 


A tochniquG for con:binin£ automated substructure analysis witli transient 
analysis Ivrs been devised and successfully applied. The teclinique can be sum- 
mai'ized in the form of a recipe to assist an areffe^st, v/ho may want to ti’y this 
technique, as to what factors have to be taken into accourit. 


Recipe 

1. Run G/2 tlirough 02. Combine & reduce tc produce the transient P/S 
model. 

2. Run 02 SOLVE 3; RECOVER operations with /XTER packet to read ^Ij 
matrix into UGV lat^ block and supply subcases for each of the*^N 
degrees of freedom. 

3. Run 02 tc change M-ITX from sq. to sym, using MERGE* packet. Read 

TOfX S; MirfX onto external disk file usLig command and OUTPUTl 

packet. 

4. Set up transients as a scalar problam. Read Kl-fTX & I-MfX in fi'om ex- 
ternal fil,e. Supply loading data to scalar degrees of freedom. 

5. Apply /iLTEE packet to jump around ms.trix generators, to build damping 
matrix, to set ti'ansiont parameters, to partition displacements from 
UDVT, and to provide for restai't @ earlier time than last.** 

6. Run 03 as S0L 1,9* with ALTER packet to correct SDRl* and output INFL. 

7. Run 04 as S0L 1,9* vrith .\LTER packet to jump around matrix generators, 
to multiply for basic 3/S transient disijlacoment response, and output 
stress table. 


N is limited to 3^30 in ebando.rd Ic-'vc-. 17. 

* Tlrese steps will not be necess'-ry i:: ai'. operatii'ig vex-sion with these 
bugs corrected, 

** Level 17 has this feature incorpen-ated i:i bhe code. 
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Figure 3 
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Figure 5 
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Figure 6 
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APPENDIX A 


DMAP ALTER TO R.F.I. FOR 
UNITARY MATRIX LOADING WITH S/S SOLVE 

This appendix supplements the description of SUBSTRUCTURE 
Phase II Solution Strategy. The Phase II DMAP ALTER statements 
are given first, followed by explanations according to statement 
numb er . 

1. ALTER 100 

2. JUMP TGB $ 

3. ALTER 126 

4. LABEL TGB $ 

5. EQUIV PARTUGV, UGV/ ALWAYS $ 

6 . ENDALTER 

Statement Explanations: 

1. Since these ALTER statements are used in conjunction 
with S/S commands SOLVE and RECOVER, this ALTER must not inter- 
fere with the automated ALTER' s associated with these commands, 
i.e. these must be avoided 2, 4 to 5 , 9 to 22, 29 to 30, 41, 58 
to 61, 73 to 78, and 134 to 164. The ordinary preparation of 
matrices such as constraints and omits will in general be needed. 
The operations to be eschex^fed as unnecessary and costly are de- 
compositions, load assembly, FBS (Forx-jard Backward Substitution), 
and 3DRI (Stress Data P..e c every ) . Begin the ALTE?v at statement 
100 in R.F.I because constraints and omits have been completed 
by this point, and it precedes the decomposition. 
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2,3,4. Start the avoidance of unwanted operations with 
a JU>IP command to a label located after the recovery of UGV in 
module SDRl. 

5. The name o the unitary matrix input via DMI cards 
is PARTUGV. Since it is de.iired to have NASTRAN recognize this 
unitary matrix as the displacement solution, it must be labeled 
UGV for succeeding modules to so recognize it. There PARTUGV is 
ec, nival ent to UGV. The parameter ALWAYS was used to make this 
EQUIV "take" because it was established earlier in the automatic 
ALTER' s with a value of negative one. 
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APPENDIX B 


DMAP ALTER FOR CORRECTING SDRl AND OUTPUTTING INFLUENCE 

COEFFICIENT MATRIX 

This appendix supplements the description of SUBSTRUCTURE Phase III Solution 
Strategy. The Phase III DMAP ALTER statements are given first, followed by 
explanations according to statement number. 


1. 

ALTER 126, 126 

2. 

COND 

NOUOOV, OMIT $ 

3. 

FBS 

LOO, ,P0/U0DK/C,N,1/C,N,1/C,N,1/C,N,1 $ 

4. 

CHKPNT 

UODK $ 

5. 

EQUIV 

UODK, UOOV/ALWAYS $ 

6. 

CHKPNT 

UOOV $ 

7. 

LABEL 

NOUOOV $ 

8. 

SDRl 

USET, PG, ULV, UOOV, YS, GO, GM, PS, KFS, 



KSS,/UGV, PGG, QG/V,N,NSKIP/C,N, STATICS $ 

9. 

OUTPUT 

1, ,,,,//C,N,-l/C,N,3 $ 

10. 

OUTPUT 

1 UGV,,, ,//C,N/0/C,N,3 $ 

11. 

EXIT $ 


12. 

ENDALTER 


Statement Explanations : 

1. This is a restart of a SUBSTRUCTURE Phase 1 checkpoint. A required 
input data block UOOV for module SDRl did not get checkpointed in the 
Phase I run because SSG3 was automatically ALTERed out, so therefore is not 
available for restart and its absence would cause ari abort because UOOV is 
not allowed to be absent as an input data block if an OMIT occurred. 




Since the SDRl module in R.F. 1 is statement number 126, the 
patch for remedying this defect must be inserted cither ahead 
of or in place of 126. In this case it is inserted in place of 
126, because constraint forces QR were not checkpointed in the 
Phase I run either, necessitating the removal of QR as an input 
data block to SDRl, 

2 thru 7, These six statements are intended to provide 
for both the presence and absence of a Phase I OMIT. If there 
were a Phase I OMIT, the parameter named OMIT would be given a 
positive value when output from GP4 and the COND conditional 
jump to label NOUOOV would not take; thus causing the operation 
sequence to pass to statement 3, PBS. If there were no Phase I 
OMIT, the parameter named OMIT would have retained its nega- 
tive one default value, and the COND conditional jump to label 
NOUOOV would "take" and the PBS module would be by-passed. 

The reason that it is desired to cause this conditional 
jump is that UOOV would have existed albeit as a purged data 
block, and would satisfy the input requirements of SDRl, The 
EQUIV of data block UODK to UOOV uses parameter ALWAYS because 
ALWAYS V7as defined to be negative one by automated substruc- 
turing. Data blocks UODK and UOOV are checkpointed before and 
after the EQUIV because the 'DMAP compiler is very particular 
about tidiness in specifying the precedents and antecedents in 


EQUIV. 

3. Data block PO is required to be supplied by the 
analyst as DMi input. It is of order "A" rows and "0" colijmns 
and is null, This will create a null UOOV, The reason that UOOV 
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should be null is that no load has been put on any omitted points. 
8. The call statement for SDRl must be written without an 


input data block appearing after KSS, It is not necessary to 
remove output data block QG even though QR is absent, because 
SDRl will generate QG as purged in the absence of QR, 

Output data block UGV will nov; be the basic substructure 
influei'ice coefficient matrix. 

9,10. These modules will output the influence coefficients 
to a MSTRAN file INP3. If the JCL is written to make a disk 
file of INP3 it should be named INFLxxx for ready identifica- 
tion . 

11, An exit is taken after outputting the IRFLxxx data 
because no more processing is needed. 

Statements 4, 5, 6 could have been omitted and UODK could 
have been used in place of UOOV ar; an input data block to SDR 1, 
because USET would have sensed that UOOV was purged during execu^ 
tion of DMAP #71 of R.F, 1 in the event of no OMIT, and would 
have relieved SDRl from requiring UOOV as input to SDRl 
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APPENDIX C 


DMAP ALTER TO R.P.l FOR POST- TRANS I ENT DATA RECOVERY 

This appendix supplements the description of STATIC DATA 
RECOVERY PHASE IV. The Phase IV DMAP ALTER statements are given 
first, followed by explanations according to statement number. 


1. 

ALTER 

39, 155 

2. 

INPUTTl 

/,,,,/C,N,-l/C,N,3 $ 

3, 

INPUTTl 

/INFLxxx, , , ,/C,N,0,/G,N,3 $ 

4. 

INPUTTl 

/,.,./C,N,-l/C,N,4 $ 

5. 

INPUTTl 

/FLIT#U, , , ,/C,N,0/G,N,4 $ 

6. 

MPYAD 

INFLxxx , FLIT#U , / TRANxxx/C , N , ) / G , N , 1/ 



C,N,0/C,N,1 $ 

7. 

PARAH 

/ /C , N ,MPY/V , N , ALWAYS/C ,N , -1/C , N ,L $ 

8. 

EQUIV 

TRANxxx, UGV/ALWAYS $ 

9. 

CHIGPNT 

UGV $ 

10. 

SDR2 

CASECC, CSTM, MPT, DIT, EQEXIN, SIL, 



GPTT , EDT , BGPDT , . , UGV . EST , , / , , OUGVI 



OESl, OEFl, PUGV1/C,N, STATICS/ 



V,N,N0S0RT2=-1 $ 

11. 

SAVE 

NOSORT2 $ 

12. 

OFP 

OUGVI, ,, OEFl, OESl, //V.N, CARDNO $ 

13. 

SAVE 

CARDNO $ 

14. 

OUTPUT2 , 

,,,,//C,N,-l/C,N,ll $ 

15. 

0UTPUT2 

OESl, , , ,//C,N,0/C,N,ll $ 

16. 

0UTPUT2 , 

, , , ,//C,N,-9/C,N.ll $ 


17. ENDALTER 
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1. The operations that are needed in this step are 
fetching of restart data, forming of basic tiine varying dis- 
placement matrix, exercising of SDR2 and OFF, plotting of 
deforme’ responses, and outputting of stress data to the 
post'processor. Call statements for SDR2 and OFF in stan- 
dard form process more than is needed here, hence their input 
and output data blocks are destined to be rewritten conse- 
quently everything from before matrix generators to just before 
structure plots can be by-passed. Hence, the ALTER control 
causes a jrunp from statement 39 to statement 155, 

2,3,4, and 5. Influence coefficient matrix [CNFLxxo;] is 
read in from disc file via INP3. Transient response FLIT#U 
is read in from disc file via INP4. 

6. The matrix multiply operation [iNFLxxx] x [FLIT#u] 

=. [TRANxxx] gives the Basic Substructure time varying 
response TRANxxx. 

7,8, and 9, A control parameter ALWAYS is assigned the 
value -1 to make the succeeding EQLIV operation ''take" so that 
the Basic Substructure time varying response TRANxxx is 
equivalenced to the static solution matrix UGV. Then UGV is 
checkpointed. 

10 and 11. Basic Substructure time varying displace- 
ments, element forces and element stresses are recovered 
according to the specifications stated in Case Control. The 
output pax’ameter NOSORT 2 is saved. 

12 and 13. The displacements, forces, and stresses from 
SBR2 are formatted for printing. The output parameter CAliDNO 
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is saved. 

14, 15 and 16. The table of stresses OESl are output 
to a FORTRAN file and stored on a disc with dataset name 
STRSx 30£. This is now in a form that the post processor 
scan program can access it. 
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nPPENDIX D 


MMTX TRAILER CHANGE AND MATRIX 
TRANSFER FROM SOF TO EXTERNAL 

This appendix supplements the description of TRANSIENT SOL- 
UTION STRATEGY. The DMAP listing is given first, followed by an 
image of the partitioning vector, then the explanations according 
to statement number. 

1. BEGIN $ 

2. SOFI /K1,M1,, ,/C,N,+l/C,N,MFLT/C,N,KMTX/C,N,MMTX $ 

3. MERGE Ml, , , ,BLNKVEC,/SQRSYM/C,N,2/C,N,1/C,N,6 $ 

4. PARAM //C,N,ADD/V,N,TRALR/C,N,0/C,N,-1 $ 

5. BQUIV SQRSYM,M2/TRALR $ 

6. SOFUT //C,N,+1/C,N,MFLT/C,N, EDIT/C, N,2/V,N,ZXX/V,N,ZXK/ 

C , N , DUMPARAM/V , N , ZXX/V . N , ZXX/ V , N , ZXX/ V , N , ZXX/ 
V,N,ZXX $ 

7. S0F0 • ,M2, , , ,//C,N,+l/C,N,MFLT/C,N,MMTX $ 

8. SOFUT //C, N,+1/C,N,TOC/C,N,SOFP/C,N,0/V,N, ZXX/V, N, ZXX/ 

C , N , DUMPARAM/V , N , ZXX/V , N , ZXX/ V , N , ZXX/ V , N , ZXX/ 
V,N,ZXX $ 

9. OUTPUTl, ,,,,//C,N,-l/C,N,0 $ 

10. OUTPUTl K1,M2,,,//C,N,0/C,N,0 $ 

11. END $ 

DMI BLNKVEC 0 2 11 916 1 +PART 

DMI BLNKVEC 1 1 

2. The utility SOFI brings information form the SOF into the 
current execution. The name of the P/S is MFLT and the two data 
blocks belonging to MFLT, KMTX and MMTX are being requested and 
being given temporary temporary data set names K1 and Ml respec- 
tively. 
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3. A merge operation of the mass matrix Ml with a null matrix is 
performed by using a 916th order null partitioning vector. The 
partitioning vector is ^asy to specify as shown on the example DMI 
card, Ablank entry is given for the first row of the first col- 
umn and implied blanks for all others. The output matrix is r\amed 
SQRSYM. The 3rd parameter states that the trailer of the output 
matrix is to be symmetric. 

4,5. A parameter is defined for use in the EQUIV statement so 
that the output mass matrix can conform to the substructuring for- 
mat for naming. 

6,7,8. SOFUT is used to purge the old MFLT square mass matrix Ml 
from the SOF. SOFO is used to output the summetric mass matrix 
M2 from the current execution to the SOF record of P/S MFLT. 

SOFUT is used to get a listing of the SOF table of contents to 
verify that the mass matrix was read onto the SOF. 

9,10. The utility OUTPUTl reads K1 § M2 onto the NASTRAN file 
INPT. 
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APPENDIX E 


t)Map modifications to dirict transients 


This appendix supplements the description of DIRECT 
TRANS' fT ANALYSIS Solution Strategy, The Rigid Format 9 DMA? 
AI.TER statements are given first, followed by explanations 


according 

to statement number. 

1. 

ALTER 

2.2 

2. 

FILE 

KGGX = TAPE/KGG = TAPE/UDVT = APPEND/ 



TOL=APPEND $ 

3. 

ALTER 

30,30 

4. 

ALTER 

33,33 

5. 

PARAM 

//C,N,ADD/V,N,NOBGG=-l/C,N-l/C,N,' 

6 , 

ALTER 

34 

y. 

cond 

LBLl, NOS IMP $ 

8. 

ALTER 67 


9. 

INPUTTl 

/. , , ,/C.,N,-l/C,N,0 $ 

10. 

INPUTTl 

/Kl.Ml, , ,/C,N,0/C,N,0 $ 

11. 

EQUIV 

Kl, KGG/NOBGG/Ml, MGG/NOBGG $ 

12, 

ALTER 

102 

13. 

PURGE 

MAA/NOICGGX $ 

14. 

ALTER 

110 

15. 

JUMP 

LBL5 $ 

16. 

ALTER 

113 

17. 

PURGE 

K4AA/NOKGGX $ 

18. 

ADD 

1CAA,/K4AA/C.N, (0.03. 0.0)$ 

]9. 

CHKPNT 

1C4AA $ 

20. 

ALTER 

139 
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21. PARAIH 

22 . ALTER 

23. EQUIV 

24. EQUIV 

25. ALTER 

26. PARTN 

27. OUTPUTl 

28. OUTPUTl 

29. SDR2 

30. SDRS 

31. CHtOPNT 

32. OFP 

33 . SAVE 

34. EXIT 

35. ENDALTER 


//C,N,ADD/V,N,N0SIMP/C,N,1/C,N,0 $ 

163,163 

PPT, PDT/NOSET $ 

PDT, PD/PDEPDO $ 

167 

UDVT, USTRIP,/,,FLIT0U,/C,N,7/C,N,1/C,N,2/C,N,2/ 
C,N,2/C,N,2 $ 

,,,,//C,N,-l/C,N,4 $ 
rLIT0U,,,,//C,N,0/C,N,4 $ 

CASEXX, CSTM, MPT, DIT,,EQDYN, SILD,,, BGDT, TOL,,, 
EST,, PPT/OPPl,,,, C,N,TRANRESP $ 
0PP1,,,,,/0PP2,,,,, $ 

0PP2 $ 

0PP2, , , , ,//V,N, CARDNO $ 

CARDNO $ 

$ 


Statement Explanations: 


1,2. The TOL (TRANSIENT OUTPUT LIST) must be enabled to that it can be 


appended for any continuation of integration. Initially, when there is no 
restart, the TOL need not be appended, but for all subsequent restarts it 
needs to be appended, so it is enabled here to be ready for all runs. Instead 
of inserting a separate APPEND statement, it becomes more concise to add the 
APPEND to the existing FILE statement. Consequently, the existing file state- 
ment was removed and put back with the added APPEND statement. 
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4.5 Subsequently it is desired to incorporate a structural 
damping matrix and no other kind of damping, but to equip the 
code via a DMAP ALTER aiid not through a matrix generator module. 
Ordinarily the EMG module vjould sense the absence of viscous 
damping and automatically set the parameter NOBGG to negative 
one so that the viscous damping matrix, BGG, Xizould not be 
generated. But ixi this solution path EMG will be bypa.ssed by the 
conditional jump of statement 7 (because stiffness and mass 
matrices are input via statemeiits 9, 10, 11). Something must be 
done about parameter NOBGG so the OSCAR can do a proper job in 
providing storage space for input data blocks. NOBGG must be 
preset to -1, so the parameter entry C,N,1 must be changed to 
C,N,-1. The original PARAM statement must be replaced by this 
revised statement therefore the ALTER 33,33 was used. 

3 thru 7. All matrix data is being read in from disc and 
no matrix generator will be called upon. The compiler recognizes 
this and sets NOSIMP to -1 during execution of TAl, This is all 
very well but if the sequence of operations x^ere left unchanged 
NOSIMP x^ould cause the conditional jump of statement 30 to engage 
statement #62 next and xvould completely bypass the PARAM state- 
ment #33 in spite of all the modifications discussed above. 
Consequently, the conditional jump based on NOSIMP was caken out 
f ■ r sition 30 X'jith the ALTER 30,30, and restored after the PARAM 
executes in position 33 and needs to have a value of -tl later on. 

8 thru 11. Stiffness and mass matrices from laase II need 
to be introduced into the DMAP stream after the matl■i^: operators 
and before the matrix partitioners implying after statement 7#6,5, 
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SMA3 , and before staLemenl: #75, GSPS. Here, ALTER 67 brings it 
in jnst before GP4. 

The matrices on file FLITIil't from Phase II can be internally 
subscripted to any variety of numbers from Kl, Ml to K9, M9 and 
higher depending on the execution order of commands in Phase II. 
In anticipation of this, statements 10 and 11 use subscript 
one followed by equivalences to KGG and MGG which will always 
’’take” because parameter NOBGG was preset to -I. If K & M are 
written out with other than subscript one, the acting values 
should be v?ritten into statements 10 and 11, 

12. and 13. If there V7ere OMIT’s the SFA (Segment File 
Allocator) could not provide for MAA, because it was purged 
back in statement #28. This purge at #28 took place in this 
instance, because NOSIMP is negative as explained above. In 
order to equip SFA to provide for SMP2, YiAA has to be unpurged 
befox'e statement #103 when SMP2 goes into operation; therefore 
the unpurge is introduced at #102 with the control parameter 
NOKGGX which w^as set equal to +1 at statement #31. 

14 and 15. It is the intention to provide for the damping 
matrix K4AA by a DMAP ALTEPv. subsequently, besides which K4FF 
does not exist to act as an input data block for SKP2; therefore 
SMP2 and CHKPNT are lumped around. 

16, 17, 18 and 19. Now the damping will be generated. 

The output data block name will be K4AA, Bur this ‘.ras purged 

along with MAA at statement #28 so it also has- r:- be ur.purged; 
again the choice of control parameter is NOKGGX Srarially 
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uniform s iruciiiral clamping is proportional to stiffness so a simple 
scalar multiply will serve. The ADD statement performs 
ctA '1- CSB = c. If B=P , then C=aA. The coefficient a on A is a 
complex number, demanding that the real and imaginary parts be 
supplied. In this instance, the real part is 0.03 and the 
imaginary part is 0.0. 

20 and 21. KDEK2 is a parameter which indicates to module 
GKAD whether or not matrices ICAA and MAA are present according 
to its value of d'l or -1. Its value is computed in statement 
#140 by a logical AND operation on the values of NEGEKL aid 
NOSIMP from their most recent update according to the VPS table. 
Unless something is changed at this point NOGENL and NOSIMP 
are both " -1 so their A.ND result = -land KEDK2 will he negative. 
This negative value would indicate that KAA and MAA do not exist, 
but they do exist, because matrices were read in without benefit 
of general elements or from element matrix generators. A non- 
negative value reflects the condition of these matrices. By 
changing NOSIMP to +1, the computed value of KDEK2 is -f-l , satis- 
fying the non-negative requirement . 

23 and 24. EQUIV statement #163 has a bug in it. To 
correct this bug, the two EQUIV statements are written in place 
of the defective statement. 

26, 27, and 28, These statements provide for stripping 
velocity and acceleration vectors from the UDVT matri;;. The 
partitioning vector USTRIP is supplied by the analyst via DMI 
card data. The disx ' aceraent vectors in UDVT occur In columns 
1, 4, 7, the last output displacement. The last output 
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displnceuiinit: is cnlculniod to be; 


160 / the nvunbor of integration^ x3 / the number of vec- 


tiiiic steps selected on 
the T STKP card 


' ors per time step 
UtJ.'l/ y 


/ the out 
yselecte 


utput interval 

ted on the T STEP card 


( 3 vectors \ 
for the \ 
;jeroeth ) 
time step / 


« i'3 " 63. This value is put in field 8 of the DM1 

card indicating that the DMI vector for controlling the colunjis 
partitioning will have 63 rows The matrix of displacement 
vectors will be named FLIT #U, where y/ indicates the restart 


number starting with the zeroeth, 

29 thru 35. The call to SDR2 allowr the modules to respond 
to the Case Control Card OLOAD. Modules are limited to the input 
and output data bl 'ks necessary to process only the loads. 

Exit after OFp because no plots are requested. 
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DYNAMIC ANALYSIS USING SUPERELEMENTS 

FOR A 

LARGE HELICOPTER MODEL 

Magan P, Patel 
Hughes Helicopters 

Lalit C. Shah 
Multiple Access Inc. 


SUMMARY 


Using superelements (substructures), modal and frequency response 
analysis was performed for a large model of the Advanced Attack Helicopter 
(AAH) developed for the U. S. Army. Whiffletree concept was employed so 
that the residua] structure along with the various superelemenfcs could be 
represented as beam-like structures for economical and accurate dynamic 
analysis. A very large DMAP alter to the rigid format was developed so that 
the modal analysis, the frequency response, and the strain energy in each 
component could be computed in the same run. 


INTRODUCTION 


The helicopter model shown in figure 1 consists of 13 substructures 
having 1000 grid points and 4000 structural elements. The dynamic analysis 
was performed using the residual structure, which represented a beam-like 
structure along the centerline of the aircraft at its nominal elastic axis, with 
appendages in the form of other beams. The residual structure was connected 
to the superelements by rigid elerrients in a sort of "whiffletree" form. This 
is an interesting, newly developed concept in that it allows dynamic analysis 
with the efficiency of a "stick" model, resulting in significant cost saving 
while at the same time retaining more involved effects accounted for in the 
detailed finite element model. 
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In order that normal mode analysis as well as frequency response 
computations could be executed in the same run, a special alter to the rigid 
format was developed. The alter was extended to further include calculations 
of strain energies in each component, so that the critical parts of the structure 
for each model could be easily identified. To determine the most sensitive 
mode to the rotor excitation, rotor impedance factors were calculated using 
eigenvectors generated from NASTRAN run, 

The structural contributions due to the different subsystems, designed 
by other companies, were incorporated into the main helicopter model by 
employing the NASTRAN general elements (GENEL). To better evaluate the 
interaction between the basic structure and the subsystem, transient response 
analysis due to gun firing forces and frequency response analysis due to the 
rotor excitation were conducted by utilizing the results computed by the 
normal mode analysis. 

Separate set of values obtained from tlie analytical approach were found 
to be in very good agreement. Harmonic analysis is being currently per- 
fornred using the time history output from die transient response analysis 
to determine tlie frequency content. 


DESCRIPTION OF THE MODEL 


The Advanced Attack Helicopter consists of the fuselage, the wing and 
the vertical tail, all composed of typical skin-stringer construction. The 
horizontal stabilizer is a semimonocoque structure utilizing beaded skin 
construction. The complete finite element model is shown in figure 1. This 
consists primarily of simpler elements in NASTRAN library. This model 
was divided into 10 primary superelements and three secondary (image) 
super elements. Advantages of substructuring and its limitations were fully 
considered in selecting this particular scheme of dividing up the model. 
Figures Z and 3 sliow a more detailed definition of a typical superelement 
representation. Table I provides the element breakdown for each of the 
super elements in the m.odel. As can be seen, this is definitely not a small 
model for dynamics. For the convenience of the users, table II shows the 
various set sizes for each superelement. 

The dynamic analysis is performed using the a~set points, which in the 
superelement concept is defined as the residual structure or superelement 0. 
This structural model is a beam-like structure along the centerline of the 
vehicle with appendages in the form of other beams and/or GENEL elements. 
This residual structure is not a normal structure consisting of a-set points 
but is connected to the other superelements by means of a unique set of rigid 
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elements. This concept is given the name of "whiffle tree, " further described 
in the next section. 


WI-IIFFLETREE CONCEPT 


Dynamics analysis involves some form of technique to reduce the size of 
problem from the sh'-tics analysis model. Most people are very familiar with 
the "stick"or beam or El/ GJ models and even today are quite content using 
those models. With NASTRAN users, Guyan reduction has become quite a 
popular technique for achieving the smaller model. Whiffletree concept uses 
rigid elements or, more appropriately, MFCs for the same goal; namely, 
die smaller model. MPC or the multipoint constraints can be used such that 
the behavior of several grid/mass points is represented by one single grid/ 
mass or a scalar point. 

Figure 4 shows a typical whiffletree arrangement for one of the bulkheads 
in tile AAH model. As can be seen, the point in tlie middle (does not have to 
be located there) is "connected" to the more important grid points on the bulk- 
head using a general rigid element RBE3. This single poim; now represents 
tlie average behavior of tliat complete bulkhead without any matrix reduction. 
Continuing in this fashion the end product is a pseudo stick model tliat would 
predict the dynamic characteristics of the complete structure. Figure 5 
shows this model, 

These points were all left in the residual or boundary structure and thus 
tliey were in the a-set of each superelement. As a matter of fact, the residual 
structure consists of this kind of points only. Because of tliis technique it was 
possible to keep the size of a-set points well witliin control for high efficiency 
while retaining in the solution the more complex behavior of the total structure. 
Certainly MCEl and MCEZ modules are not that inexpensive but, compared 
to tlie exponential cost increase of SMPl and SMP2 modules, this approach 
was found to be more cost-effective. 


ALTERS FOR CONVENIENCE 


One of the major tasks undertaken to complete this project consisted of 
formulating an Alter to the Rigid Foi'mat so that the following tliree al^alyses 
could be performed in the same run: 


(a) Normal modes analysis with frequency 
response. 
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(b) Rotor Impedance factors computation, 

(c) Modal strain energy distribution. 

All three alters are merged into one large alter to make it a production 
tool, 'Altliough it is not easy to keep up tlie alter compatible with the newer 
versions of MSC/NASTRAN, successful transition was made from CDC 6600 
Version 32 to IBM Version 38j and, presently, efforts are in progress for 
adopting the alter to the latest IBM Vei'sion 46. 


Natural Frequencies and Modes 

As shown in table II, the total dynamic degrees of freedom (a-set) add 
up to tlie matrix size of 177. Grid points witli dynamic degrees of freedom 
(a-set) are shown in table II. The modes are identified in somewhat arbitrary 
manner by looking at the deformed shape of tlie structure in a particular mode 
in conjunction with tlie computed mode shapes and strain energy distribution. 
The isometric views of the deformed structure are shown in figures 6 and 7, 


Rotor Impedance Factors 

The rotor impedances are calculated from tlie relation 


1 . 2 
; a (j)_ 

rotor impedance i 


where is the eigenvector at the main rotor head in tlie i^^ direction, and 
are plotted in figure 8 as versus the significant modes in their relative 
order of modal strengtli. The modes with tlie lowest impedance (i. e, , tlie 
highest inverse ratio) are most sensitive to rotor excitation. 


Modal Strain Energy Distribution 

The MSC/NASTRAN computer program witli tliis alter has tlie capability 
to compute and print out strain energy distribution in each flexible mode. This 
is very helpful in identifying tlie critical parts of tlie structure for each mode. 

The program computes tlie strain energy in percentage form in each 
superelement for the desired modes. 
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The results are shown by MATRIX SPT in figure 9. The column number 
identifies tlie mode nvimber (e, g, , col 7 means mode 7) and the rows 1 through 
10 denote the corresponding superelements 1 through 10. The strain energy 
in £i:perelement number zero is computed separately under MATRIX RPT; 
however, it is included in figure 9 for convenience. 


FREQUENCY AND TRANSIENT RESPONSE 


Frequency Response 

Alternating aerodynamic forces acting on rotor blades and on the fuselage 
and nonrotating parts of the vehicle are tlie major source of vibrations. Varia- 
tions in these forces are periodic and all tlae steady alternating force inputs 
to the rotor hub occur in even multiples of the rotating speed such as i/rev 
(IP), 2/rev (2P), 3/rev (3P), etc. However, only alternating forces and 
moments which are integral multiples of the number of blades are transmitted 
to the rotor hub. This helicopter has four-bladed rotor, therefore 4/ rev, 

8/ rev, etc. , are the only input to the hub. The 4/rev (4P) excitation forces 
which are the major contributor to the input at the hub were considered for 
tills analysis. These excitation forces are obtained from DART (Dynamic 
Analysis Research Tool) program for various foi'ward speeds of the helicopter 
and are multiplied by 4/rev response loads per unit excitation at rotor hub 
(computed by NASTRAN PROGRAM) to obtain total response at crew, stabilized 
sight and variou.s other desired locations. 

The effect of rotor speed variation on pilot and copilot station vibrations 
assuming no change in rotor forces is shown in figures 10 and 11. 


Transient Response 

Transient response due to gun firing is computed at several locations, 
such as crew stations, stabilized sight and gun center of gravity. The input 
impulse time history is shown in figure 12, and a typical response time 
history in figure 13, 

CONCLUSIONS 


A large model for dynamic analysis has been successfully used for the 
AAH project. Once again it is clear tliat NASTRAN is capable of solving a 
rather complex analysis scheme in a production manner provided proper 
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resources are put into planning and writing some interesting DMAPs. The 
concept oX MFCs and/or rigid elements is a very powerful tool that seemfj to 
provide new answers to several old problems. 
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TABLE II - VARIOUS MATRICES IN THE MODEL 
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Figure X. Advanced Attack Helicopter Model 
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Figure Z. Advanced Attack Helicopter Tail Cone (Superelement 3) Model 
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Figure 3. Advanced Attack Helicopter Model 
Empennage (Superelement 10) 
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Figure 4, Typical Whiffletree Arrangement 
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Figure 6. i^irst Vertical Mode 
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1 2 3 4 5 6 7 ORDER OF MODAL STRENGTH 

Figure S. Rotor Impedance Factors 
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ADVANCED ATTACK HELICOPTER, 
MODEL 41, 4 ROCKET PODS 


APRIL 2S. 1978 


SAME AS MOD. 40 EXCEPT WITH 4 ROCKET STORES 
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Figure 9. Typical Strain Energy Output 




Figure 10. Frequency Response at Pilot Seat 
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Figure 11. Frequency Response at Copilot Seat 
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COMPARISON OF SEVERAL NASTRAN ANALYTICAL TECHNIQUES FOR LARGE STRUCTURES 

David T. Zemer 
Northrop Corporation 


SUMMARY 


In order to plan for the finite element structural analysis of future 
aircraft at Northrop, five static analysis techniques using the MacNeal- 
Schwendler Corporation version of NASTRAN are evaluated. The structure is 
analyzed as: 

1. A single model with a symmetric loading condition, 

2. A single model with symmetric/unsymmetric loading conditions. 

3. Three substructures in three phases using tape storage with a 
symnietric loading condition. 

4. Three superelements using data base storage with a symmetric 
loading condition. 

5. Three superelements using data base storage with cyclic symmetry 
for symmetric/unsymmetric loading conditions. 

The superelement techniques prove superior to the single model approaches by 
reducing computer time for redesign work by as much as 70 percent. 

Job control errors are also substantially reduced by using the NASTRAN 
data base in place of the tapes necessary in substructuring. The evaluation 
indicates that the superelement methods are more productive than the single 
model and substructure methods when a large amount of computer resources for 
a stress analysis are required. 


INTRODUCTION 


Before scheduling a Jar^e project using finite element analysis, the 
specific solution methods i.hosen must be thoroughly tested. This is true not 
only for the analysis flow, which in the case of NASTRAN is the Direct Matrix 
Abstraction Program (DMAP) , but also for internal software restrictions and 
data center hardware constraints. 

Too often the analysis method selected is based upon small prototype 
testing. This, coupled with an incomplete understanding of both the finite 
element program being used and the peculiarities of the computer system in a 
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large solution environrie.it, frequently leads to: 

(a) Deadlines con: sfently missed. 

(b) Complaints aga'nst the finite element program being used, 

(c) The computer system "crashing" during excessively long computer 
residency . 

(d) Computer runs terminated due to insufficient core or data base 
space . 

An effort was started in 1977 w!thin the NASTRAN group at Northrop to 
evaluate these problem areas prior to selecting a method of analysis for a 
new aircraft project. A small prototype model (Figure 1) and an actual pro- 
duction model containing 9500 degree-s of freedom (Figure 2) were selected 
for evaluating the MSC superelement capability. The results are compared 
here with previous results using a single model and substructure approaches. 
Five criteria for this comparison are: 

(1) NASTRAN software behavior. 

(2) Hardware limitations. 

(3) CPU time for a preliminary analysis. 

(4) CPU time for a redesign analysis. 

(5) Total calendar time. 


TESTING PROCEDURE 


Realistic evaluation of the MSC/NASTRAN superelement analysis method is 
made using a finite element model of the T-38 structure (wing, center and 
forward fuselages only) . A comparison of the program response and the computer 
system billing for this model was possible using results from previous single 
structure and substructure analyses. 

Five different analy.ses over a one year period were made, then rerun with 
a redesigned wing simulating a realistic production situation (Figure 3). 


TESTS 


(1-la) Single Structure Analysis With One Set of Boundary Conditions 

Rigid Format 24 was used without any alters. Because this model, as with all 
others, was symmetric about the x-axis, only the left hand side was idealized. 
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Only s>Tnmetric loads were used for this analysis which required one set of 
boundary conditions along the x-ay.ls. A redesigned wing was run from a cold 
start . 

( 2- 2n ) Single Structu re A ti alysis With IVo Sets of Boundary Conditions 

Rigid format 24 with RF alter 24$1,3 allowed two sets of boundary conditions to 
be stored. The redesigned wing was run ns a cold start. 

(3-3a) Substructure Analysis With One Set of Boundary Conditions 

Rigid Format 24 with KF alter 24 $37 allows only one sot of boundary conditions. 
Therefore, only a symmetric load case v^as run. DMAP's have been written to 
work with two sets of boundary conditions by Sodlia , Reference 1. However, due 
to anticipation of the superelement cyclic symmetry capability, no attempt was 
made to duplicate this effort. The redesign was limited to and required only 
rennalysis of the wing. 

(4-4 a) Superelement Analysis With One Set of Boundary Conditions 

Rigid Format 48 vkis used in Version 38, but was replaced with DIIAPl in Version 
46. As in the substructure analysis, symmetric loads were used and the rede- 
sign test required only reanalysis of the wing and the residual structure. 

(5-5a) Superelement Analysis Using Cyclic Symmetry 

DMAPIC, Version 46, was used to allow the left hand side to be duplicated into 
a right hand side, Reference 2, Symmetric and unsyiv.inetric loadings were then 
applied. Redesign of the wing necessitated only the reanalysis of that par- 
ticular structure. 


TEST RESULTS 


Figures 4 and 5 show that the superelement/substructure methods for a 
large analysis are comparable to the single structure if only one solution is 
required. However, the first analysis is usually not sufficient and requires 
many iterations before a satisfactory solution is obtained. Under these cir- 
cumstances the substructure/superelement method proves itself far superior, 
requiring only one-third of the CPU time for a reanalysis using a new wing. 

Not only does this reduce the billing time, but even more important, this 
increases the chances that the job will run before tlie computer malfunctions. 

The superelement method uses a disk pack data base which reduces the mul- 
titude of Job Control Language (JCL) cards necessary to run the substructure 
analysis. This, in turn, reduces chances of making errors when a large group 
of engineers r./orks on the same project. No NASTRAN errors were encountered 
when using the superelement method; only a minor problem was found in the 
estimation of space needed on the data base. 
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CONCLUSIONS 


The superelement method will substantially lower computer run times for 
a large finite element analysis. This \jill decrease the job execution wall- 
clock time, which will decrease the chances that the computer system will 
malCuriction before an analysis is finished. For structures which require a 
large amount of computer resources and long execution time, the calendar time 
to finish an analysis will also be reduced. 

Simplification in Job Control Language, use of disk pack storage, and 
future resource commitment to the superelement method strongly recommend this 
technique to replace the single structure and substructure methods for any 
future project. 
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FIGURE 2 - NORTHROP T-38 FINITE ELEMENT MODEL 
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FIGURE 5 - COMPARISON OF NASTRAN COMPUTER RUNS FOR T-38 
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A WASTRAN ANALYSIS OP A TOKAMAK VACUUM VESSEL USING INTERACTIVE GRAPHICS 

Arthur Miller 
Grumman Aerospace Corp. 
and 

Morris Badrian 
EBASCO Services, Inc, 


SUMMARY 


A TAKOMAK Vacuum Vessel was analyzed using MSC/MASTRAN. Isoparametric quadri- 
lateral and triangular elements were used to represent the Vacuum Vessel shell 
structure. For toroidally symmetric loadings, MFCs were employed across model 
■boundaries and Rigid Format 2h was invoked, Un-symmetric loadings required the 
use of the cyclic symmetry analysis available with Rigid Format H 9 . NASTRAN 
served as an important analysis tool in the TOKAMAK design effort by providing 
a reliable means for assessing structural integrity. Interactive graphics were 
employed in the finite element model generation and in the post-processing of 
results. The authors -'eel that model generation and checkout with interactive 
graphics reduced the modelling effort and debugging man-hours significantly. 

INTRODUCTION 


This paper presents the structural modelling method, analysis procediores and 
results of a TOKAMAK Vacuum Vessel finite element analysis. The analysis 
described herein was required for the design-verification of the TOKAMAK 
FUSION TEST REACTOR (TFTR) Vacuum Vessel. The TOKAMAK is a toroidal device 
through which magnetic fields permeate to confine a plasma. The magneti'.' 
fields are produced by strong electric currents on the order of U0,000 amperes 
passing through both copper coils and the plasma. In the TOKAMAK, there are 
Gwo major magnetic fields: a toroidal field generated by current flowing in 

the coils enveloping the torus, and a poloidal field generated by current flow- 
ing through both the plasma and an equilibriinn field coil. By combining 
toroidal and poloidal magnetic fields, the TOKAMAK achieves a higher level of 
plasma stability than has been realized in any previous magnetic-confinement 
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systeii'. The increased plasma stability permits longer confinement times of 
higher temperatui'e plasmas. The TFTR will therefore come closer to meeting all 
necessary conditions for a net production of fusion energy than any previous 
magnetic fusion device. A basic function of the Vacuujii Vessel is to provide 
containlnent of the hot (100 million degrees Celsius) Deuterium-Tritium plasma 
while excluding the atmosphere. 


SYMBOLS 


Values ai'e given in both SI and US GustomEiry Units. Calculations were made in 
US Customary Units. 

fl 3 Bending stress, psi (MPa) 

imax Maximum combined stress, psi (MPa) 

fill Membrane stress, psi (MPa) 

fxy In-plEuie sheai’ stress, pal (MPa) 

Fx Circimiferential (toroidal) membrane load, Ib/in. (N/m) 

Fy Meridional membrane load, lb/ in. (N/m) 

Fxy In-plane membrane shear load, Ib/in. (W/m) 

Qx Transverse sheai’ load (causing Mx bending), Ib/in. (N/m) 

Mx Circiutiferential (toroidal) bending load, in Ib/in. (N-m/m) 

My Meridional bending load, in. Ib/in. (N-ra/m) 

qj. Transverse shear stress, psi (MPa) 

t Material Thickness,, in. (m) 

THE TOKAMAIC VACUUM VESSEL 

The Vacuum Vessel (Pig. l) is essentially a large doughnut-shaped vessel (or 
torus) composed of ten stainless steel segments joined at ten parting planes. 
Each segment contains five intersecting cylinders (three pie sections and two 
bellows cases) as shown in the p^lan view (Fig. 2). The diametral centerline 
of each cylindrical section intersects the vertical axis of syiranetry of the 
machine. Six of the segments include a Neutral Beam Injection Duct, as shoira in 
Figui'e 1. (The pui’pose of the Neutral Beam Injection Duct is to produce high- 
energy Deuterium atoms and to inject them into a magnetically-confined Tritiiuii 
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plasma causing Deuterium-Tritium fusion reactions to occur. ) Each segment is 
supported at both a radially inbofU'd and a radially outboard location. Inboard 
supports supply essentially vertical restraint, supporting approximately 1/3 of 
the deadweight of the Vacuum Vessel. Outboard supports allow free radially 
inward displacement while restraining radially outward, toroidal and vertical 
motion. 


FINITE ELEMENT IDEALIZATION 


Two models of Vacuum Vessel segments have been developed which span from part- 
ing plane to parting plane. A derivative of the non-Neutral Beam Injection 
Duct model was also created for analysis of anti-syinmetric loading. The first 
model, shown in Figure 3, contains detailed features such as diagnostic and 
access port extensions, non-structural port covers, the parting plane (P/P) 
weld thickness with its stiffening rings, the plasma limiter support structure, 
pie bellows-case (P/B) stiffening rings, and the inboard and outboard supports. 
QUADU and TBIA3 isoparametric plate bending elements were used for the shell 
idealization. (These elements were chosen because they provide superior 
results with fewer elements. The results of element test problems carried out 
by MSC (Ref. l) has shown that the acciiracy of the QUAD^) element is effectively 
independent of the aspect ratio. ) Beam elemeri,.s were used to simulate the 
stiffening rings at the P/B intersections, and those adjacent to the parting 
plane. These element types were also used to idealise the Vacuum Vessel sup- 
ports and flanges at the ends of the port extensions. Rod elements were used 
to model the protrusions at the port-shell intersections. Continuity of the 
finite element model across structural interfaces (viz. at the P/B intersec- 
tions, parting plane/ring intersections and at the vessel support connections) 
was achieved by means of rigid-bar and rigid-tri angular elements. The second 
model as shown in Figures 1* and 5 , is essentially the same as the first except 
for the inclusion of a Neutral Beam Injection Duct-. Each model consisted of 
app:.’oximately 1900 nodes with 6 DOF at each node. 


367 



MODEL GENERATION INTERACTIVE GRAPHICS 

The intex’active display featiu'e of Control Data' s UWISTRUC program facilitated 
the modelling of the numerous penetrations, eccentricities and extensions 
which comprise more than SQ% of the total model. In order to develop this 
geometrically complex finite element idealisation it was necessary to employ 
several pre-processors, (The sequence of steps employed in the model genera- 
tion which ore described below ai’e schematically depicted in Eigure 6.) First, 
a FORTRAN program was witten to geometi'ically outline the uoundai'ies of major 
individual sti'uctui'al components. The results of this program were input into 
UNISTRUC in teimis of "lines" and "points". The boundoi'y interiors were then 
meshed by employing UNISTRUC's generic element library (Ref. 2). 

In addition to nodes and elements , loads , material properties and physical 
properties were defined and graphically reviewed through UNISTRUC. This 
information was written to a "Neutral Input File" in an application-independent 
format. Inputting this file to the "NASTRAN Input-File Translator" resulted in 
a file containing pi’operly formatted Executive Control, Case Control and BuUc 
Data card images. To take advantage of more recent NASTRAN features which are 
not cxu'rently compatible with UNISTRUC (e.g. rigid elements) it was necessary 
to edit the cord images. This was accomplished through the use of the INTERCOM 
interactive editing featui'e of Control Data's Scope 3.*+ Operating System (Ref. 
3). Model bandwidth optiitiization aaid SEQGP card generation was accomplished by 
a stand-alone optimizer residing on a linked mainframe, and subsequently 
merged, through INTERCOM, with the NASTRAN BuHc Data. 

LOADINGS 

The TFTR is subjected to several different loading combinations. These com- 
binations include the Nomial Operating Condition, Bakeout, Discharge Cleaning, 
Plasma Disruption, Seismic and Coil Short-circuiting. As of this witing the 
Vacuum Vessel has been analyzed for the sevei-e conditions associated with a 
Plasma Disruption. A Plasma Disi'uption loading consists of electromagnetic 
centering forces, electromagnetic pressure and electromagnetically-induced 
toi'oidal and racking forces on the bellows case rings in addition to the 
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deadweight of the Vessel, and external pressurization. For the salce of 
brevity, this paper will only present results related to the gravity and 
pressurization subcase. 


AMALYSIS PROCEDURE 

Due to budgetary constraints it was decided early in the program not to model 
the entire torus structure. Instead, individual models consisted of a single 
segment type with boundary conditions selected so as to simulate a complete 
torus. Analysis with smaller models had shown that results of sufficient 
accuracy would be obtained with this idealization. For torcidally symmetric 
loadings, the most efficient analysis technique was to employ JiPCs across the 
boundaries of the selected segment type and invoke Rigid Format 24. Unsym- 
metric loadings required the use of the more expensive Cyclic Symmetry Analysis 
available in Rigid Format 49. (A Cyclic Symmetric run with a harmonic index of 
five was found to require twice the CPU time and 3.5 times the I/O as compared 
to the MPC'd boundary model.) Based on the economic and technical resources 
available, it was decided to perform the analyses on a second mainframe con- 
taining the MSC/NASTRAN Version 40 operating under the Network Operating 
System/Batch Environment. 


ANALYSIS RESULTS 


The resulting significant internal membrane and bending force distributions are 
depicted in Figures T through 10. Continuity of the curves was obtained by 
smoothing the computer-output values at element centroids . In regions of load 
and/or structirral discontinuity, the results were extrapolated to the edges of 
the finite elements vmder consideration. These results were checked, where 
feasible, by utilizing equilibrium and compatibility relationships, thus 
maximizing the information yielded by the analysis. Post processing of the 
results would have been mere expeditious had an option been available in 
NASTRAN to print out element internal load intensities (Mx, My, Nx, Ny, Nxy, 

Qx, Qy) at the element corners in addition to the element centroid. This 
feature would more clearly define internal load gradients. Had this option been 
available , much of the time expended in manually smoothing and extrapolating the 
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results would have been saved. Figures 7 and 8 present the critical internal 
loads below the torus' horizontal :;.xis of syinmetry, specifically at the follow- 
ing critical locations; the raaocimum pie /bellows interface eccentricities and 
at the connection of the outboard supports to the torus , Figures 9 and 10 each 
present the internal loads along a meridian. Figure 9 depicts the axial and 
bending loads along the centerline of pie 2, while Figure 10 depicts the loads 
in the parting plane weld. 

The relationship between the internal loads and the resulting stresses is as 
follows : 


f 


max 


f 

xy 


m b 


or 


P 


xy 



combined membrane and bending 
stresses 


In-plane shear stress 





Transverse shear stress 


where t = .5 inches (.0127 meters) applicaWe to Figures 7 thru 9 

t = .312 inches (.00792 meters) applicable to Figure 10, parting 
plEuae weld 


An inspection of the results indicates that the critical stresses occur ir the 
following Vacuum Vessel locations: 


-In Pies 1 and 2, at the maximum pie/bellows interface eccentricities. 
Figure 7. 


- Ik * = -9Q0 „ 6 X 450 . ^ -12,600 psi 

^ max " t %2 .5 ^ ^j2 (-86.874 MPa) 

-In Pie 2, at the diagnostic port-shell intersection. Section A-A, 
Figure 8, 


fx 


max 



6m 

X 



-4500 

.5 


6 X 100 _ -11,400 psi 

5“ “ (-78.6 MPa) 

(. 5 )^ 
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- In Pie 2, at the diagnostic port-shell intersection, Figure 9, 


fy 


max 



-2500 

.5 


6 X 130 

(. 5 )^ 


-8120 psi 
(-55.9 MPa) 


In the parting plane weld 
creased hy 20S? to account 
inch (.0079^ meters) weld 


fx 


max 



1.2 


region, Figure 10, the Mx bending results are in- 
fer moment peaking at the intersection of the 5/18 
with the p/p stiffening ring: 

^^x -750 ^ ^ 6 X 100 _ -9800 psi 

" .312 " ■ TSI? ” (-67.57 MPa) 


DEFLECTIONS 


Grid point displacements, element forces and stress were output to the NASTRM 
UTl file by appropriate DMAP instructions generated by UNIST3UC. The contents 
of the UTl file were transformed by means of the UNISTRUC file translator for 
compatibility wit’. e UNISTRUC system, thus making interactive display of the 
results possible. Displays of the deflected shapes of major structural 
components appear in Figures 11 thru l6. A maximum deflection of .037 inches 
(0.0009^i meters) oc cured at the intersection of the outside edge of the 
diagnostic port and the shell on Pie 2 as shown in Figure l4. 


CONCLUSIONS 


NASTRAN proved to be a valuable analysis tool for the design-verification of a 
TFTR Vacuum Vessel. Furthermore, it was found that analysis of a 1/10 segment 
of a structure with Rotational Cyclic Symmetry (K = 5) and non-symmetrical 
loading was approximately 2 1/2 times more costly than for a syinmetrically 
loaded model of the same fundamental region with MFCs across the boundaries. 

The use of interactive graphics in hoth the pre and post-processing modes was 
found to he an indispensible tool when dealing with complex three-dimensional 
models . 
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Figure 1 Tokamak Fusion Test Reactor - Vacuum Vessel 
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Figure 3 TFTR Vacuum Vessel - Finite Element Model, Isometric View 
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'Figure 4 Neutral Beam Duct Segment - Ftnite Element Model, Plan View 



Figure 5 Neutral Beam Duct Segment * Finite Element Model, Isometric View 
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Figure 6 Pre and Post Processing with Interactive Graphics 
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LOAD CONDITION; 

PRESSURE & GRAVITY 

'"shell = -25 PSI (-.1 724 MPa) 

'"bellows case = + 5 PSI (.0345 MPa) 
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Figure 11 Deformed Sh?ipe of TFTR Vacuum Vessel Finite Element Model, Isometric View 
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Figure 13 Deformed and Undeformed Profiles of Bellows Case 2 
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ACCURACY OF RESULTS WITH NASTRAN MODAL SYNTHESIS 

D. N. Her ting 
Universal Analytics, Inc. 


SUMMARY 


A new method for component mode synthesis has been developed for installa- 
tion in NASTRAN Level 17.5. An introduction and summary of the method was 
presented at the 1977 NASTRAN Colloquium [Ref. 1], but actual results were 
unavailable at that time. This paper serves as a continuation to Reference 1 
by presenting results obtained from the new methoa and comparing these re- 
sults with existing modal synthesis methods. 


INTRODUCTION 


The modal synthesis system developed by Universal Analytics, Inc. (UAI) for 
NASTRAN is a new development which provides for the benefits inherent in 
existing methods but eliminates the restrict! Jns and computational drawbacks 
associated with other methods. In Reference 1 it was postulated that the new 
method was sufficiently general to duplicate the results of other, more re- 
stricted, methods simply by choosing different types of normal modes or 
vector recovery procedures. The test problems described herein have been 
selected for direct comparison with other published results. The goal of 
this effort was to determine the relative accuracy of the UAI method with its 
different options. 

The use of structural modes as generalized degrees of freedom in dynamic models 
originated in the analog computer field where structures were combined with 
aeroelastlc and control system models. The first applications to digital com- 
puters were simple extensions of the analog techniques. This so-called clas- 
sical approach proved both highly restrictive and limited in accuracy. Many 
different approaches have been developed in recent years having increased 
accuracy and more generality in solving large-order structure dynamics pro- 
blems . 

Although the previous methods used in component mode synthesis vary consider- 
ably in both approach and application, they may be grouped into two distinct 
categories. The first category contains all of the methods using a Rayleigh- 
Ritz approach in which the component degrees of freedom represent the deflec- 
tions of normal modes and static deflection shapes. The second category 
contains methods in which the component degrees of freedom are actual 
physical displacements plus a set of modal coordinates. Here, the classical 
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method has been improved by adding flexibility coefficients to the matrices to 
account for the effects of a truncated set of modes. 

The theoretical development of the NASTRAN modal synthesis system is being 
issued in Reference 2, the Level 17.5 Theoretical Manual. In this develop- 
ment the "residual flexibility" approach is used as a starting point but the 
end results become very similar to the Rayleigh-Ritz approach. The new 
method, in effect, is related to both categories of modal synthesis and shows 
that the differences between chem are more related to computational proce- 
dures than in theoretical basis. 

Tlie two test problems described below were selected for comparison with several 
advanced mode synthesis methods. The problems also provide a comparison of 
the various options that will be available in the NASTRAN system which are 
summarized below; 

1. The boundary conditions used to obtain component modes are not restricted. 
Free, constrained, and partially free modes may be used. 

2. Inertia relief displacement shape functions may be included as degrees of 
freedom as a user option. These provide for exact static response of 
free bodies and more accuracy for low frequency response. 

3. In the vector recovery process, after a system solution has been obtained, 
a "mode acceleration" procedure which calculates "Improved" displace- 
ments is available. 

A full set of error check procedures are available to assess the accuracy 
of the results. These include printout of the equilibrium forces, energy 
checks of truncated modes, and direct evaluation of the participation of 
the modal coordinates . 

The test problems and their results are summarized below, followed by a 
summary of the conclusions which follow from the evaluation of the tests. 


NOMENCLATURE 


u - Physical Displacement 
G - Guyan Reduction Transformation Matrix 
K - Stiffness Matrix 
M - Mass Matrix 
- Length 

X - Special Coordinates 
T - Kinetic Energy 
V - Potential Energy 
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c - Error Ratio 

C - Generalized Displacement of a Mode 

p - Density 

<() - Eigenvector 

(ij - Radian Frequency 


EXACT ROD PROBLEM 


A convenient test problem for modal synthesis evaluation was used by Rubin 
[Ref, 3] to compare various methods, including his owi new method. The prob- 
lem, illustrated in Figure 1 consists of a single rod with extensional motion. 
Rather than solve the problem with finite elements, a set of closed form in- 
tegral solutions may be used to obtain the modal synthesis matrix coefficients. 
In effect, the results will simulate a problem with an infinite number of 
elements. This procedure will elminate the finite element errors and will 
allow analysis of errors resulting only from the modal synthesis formulation. 

The problem solved by Rubin uses the free-free modes of the rod to fomulate 
a component mode substructure. The solution matrix Is then constrained to 
obtain cantilever modes. If the end degree of freedom were included in the 
normal formulation it could be attached to another structure directly. The 
errors in the results will occur because the sine wave solutions for the 
cantilever rod must be approximated by the dissimilar cosine waves of the 
free rod. 


In the UAI method, the displacement shapes are 
Static Displacements 


u^(x) = 


I 

'g" 




Inertial Relief : 


u^Cx) 



+ M, .G 
ix 


O O 



( 1 ) 


( 2 ) 


391 



Normal Modes: 


%<’■> ■ <i'tk - 

- ( cos - l) k = 1,2,...~ C3) 

After normalizing the units, the total displacement at any point on the rod is: 

u(s) - “i + i(>‘ - |j:)e„ +S(“ s 1) (4) 

Instead of performing matrix transformations the stiffness, [K] , and mass, [M] , 
matrices are obtained using the La Grange formulation which states: 


and 


M 




2 

_d_ a T 
dt 3 q^3 


K 


ij 


a 

3 q^9 q^ 


'^1 

1,0 1 


( 5 ) 


( 6 ) 


where the potential energy, V, and the kinetic energy, T, are: 


V = 



( 7 ) 


T 



u dx 


( 8 ) 


After evaluating the integrals, the stiffxiess matrix produced by the new 
method is: 
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0 


0 


0 


0 


1 -X ~1 

3 3 3 


-1 

3 


[K] 


M 

l 


1T^ 0 0 

2 

4fr^ 0 
2 


(9) 


sym 


The mass matrix is: 



S 


2 

XkTr)^ 

2 



Since the first row corresponds to the displacement at x = 0, the boundary 
constraint, = 0, requires that the first row and column be deleted for 
calculation of the cantilever modes. 

The results of the modal solution are the frequencies 0)^ and generalized dis- 
placements ^ , C, . > k = 1 , 2 . . . . The actual mode shapes may be obtained 

ox ki 

from equation (4). However, a mode acceleration method (UIMPROVE) available 
in NASTRAN and also used by Rubin will enhance the vectors. Transforming 
the matrix equations into equivalent integrals results in the equation: 







( 1 . 1 ) 


'I>2(3') 


u(0) + 



ii(x)dx 




dx 


where u(x) is obtained by multiplying the displacement u(x) in Equation (4) 
2 

by -W . This results in the mode shape: 
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-3 
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X - _ 4 „ (1 - cosTTkx) 
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(TTk)^ 
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where x = x/£ is used 


for simplicity. 


( 12 ) 


The exact solutions for the cantilever rod problem modal frequencies are: 


(2n “ l)if /T* 
“ - ~ 21 p 


ex 


The exact mode shapes are: 


ex 


= sine 
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(13) 


(14) 


The calculated natural frequencies for the synthesized system produce an error 
ratio defined by the equation: 


c. 




til - 0) 


ex 




ex 


(15) 


The resulting errors in natural frequency are tabulated in Table 1. These 
errors match Rubins results for his method exactly. Note that, except for 
the single degree of freedom problem, the error in the last mode for any 
matrix size is nearly constant and that the convergence rate for a given 
order matrix is nearly uniform. 


An order of magnitude fit of the frequency errors is produced by the equation: 


£ 'V 

uin 


0.01 






(16) 
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where ia the frequency of the lowest truncated mode shape. The equation 

is not accurate for the lower nodes of the large order matrices due to compu- 
ter round-off. Single precision arithmetic produced numerical errors of the 

order 10 


The RMS errors for the calculated eigenvectors are shown in Table 2 for the 
same order synthesized matrices. Both first and second methods for calcu- 
lating the vectors were used. The equations used for the vector errors are; 


E 


1 



(♦i - <1* 


(17) 


and 





(18) 


Both vectors were normalized to unit modal mass. 

Note that the improved displacement calculations ((})„) produce much better re- 

— 2 * "6 

suits when the first order errors are between 10 and 10 

In other words, a good first approximation will produce a better improved so- 
lution. A poor first solution, such as the last mode in a set, will result 
in little improvement. A nearly exact first solution will not improve due 
to numerical round-off. 

The results of this test are nearly identical to Rubin's [Ref. 3] results 
for his method. The frequency errors fall exactly on the published curves. 
The displacement errors for the UAI method appear to be better than Rubin's 
results. However it is suspected that differences in numerical procedures 
produced these changes. Also the first order displacement results compare 
with the referenced results for the modified Bamford method used in Ref- 
erence 3. 
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TWO CO^^?ONENT TRUSS PROBLEM 


This problem has nearly beccme a standard for the evaluation of modal syn- 
thesis methods. It has been used in References A, 5, and others for com- 
parison between different formulations and procedures. A large quantity 
of data is available for validation of any new method. The basic problem, 
shown in Figure 2, consists of two truss substructures. Each nubstructure 
is reduced to its normal modes plus any additional shape functions used by 
a particular method. The trusses are combined at the three common grid 
points and the unconstrained modes of the combination are obtained. 

This problem was solved directly on the UAI modal synthesis system Implemented 
on L16 NASTRAN. Several different options and matrix sizes were tested. The 
parameters of the test cases are shown in Table 3. The matrix sizes were 
chosen to provide direct comparison with the results in Reference 4. 

The results were compared with a single-structure NASTRAN execution to obtain 
the percentage errors of the frequencies. These errors are shown in Tables 4 
and 5 along with results from Hints [Ref- 4]. In all cases an excellent cor- 
relation was obtained between the NASTRAN results and the results of the 
equivalent formulations used by Hintz The only deviation occurred when the 
errors became too small to calculate when the NASTRAN printout truncated the 
difference in results. In each case the results are not shown where the 
eigenvector became unrecognizable and/or the natural frequencies changed in 
sequence. 

It Is important to note that the cases using free component: modes, with no 
inertia relief effects, produced very poor results. This is due to the fact 
that the free modes approximate half waves while the cantilever modes appro- 
ximate quarter waves. The shapes of the first mode.=! of the combination 
apparently are difficult to approximate by a set of higher order shapes. 

The inertia relief shapes supply these smooth functions. Their contribution 
is most significant in the lower frequency modes. 

Also indicated in the tables, by dashed lines, are the lowest truncated fre- 
quencies for the component modes used in the analysis. The results Indicate 
that in the inertia relief cases, this frequency is a good indication of the 
limit for valid results. Wien only normal and constraining modes are used, 
this frequency has some significance, but does not indicate possible errors 
due to poor approximation of the actual mode shapes. 

As a further check the problem was executed using 36 elastic degrees of free- 
dom (case 9). This case also correlated with the Reference 4 results, 
having 29 modes with a frequency error of less than 5%. Nearly all of the 
first 15 modes were calculated to values exact to the last digit of the print- 
out. However this case should not be considered su a typical example since 
only 60 degrees of freedom existed in the original structure. The typical 
application of modal synthesis would result in a matrix size with a much 
smaller fraction of the original matrix size. 
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CONCLUSIONS 


Ah was postulated in Reference 1, the new modal synthesis method to be avail- 
able in NASTRAN is capable of simulatins the results and accuracy of any of 
the current state-of-the-art modal syvithesis methods. The differences in the 
results occur from selecting different types of component modes and types of 
solution vector recovery processing. Furthermore, it was observed from these 
tests that the frequencies of the truncated component normal modes are a 
significant indicator of the upper limit of valid combination modes. 

Although the new system provides accuracies equal Co or better than any other 
advanced method, it also eliminates the restrictions that are imposed by the 
other formulations. The UAI method does not require unconstrained modes 
required by the Rubin and McNeal [Rof. 6] formulations. The method conven- 
iently uses the actual boundary grid points as degrees of freedom (as in the 
Rubin and MacNeal methods) as op )sed to the conventional Rayleigh-Ritz 
methods, in which an actual boundary displacement coordinate must be expressed 
as a combination of mode displacements. Furthermore, it allows any choice of 
mode shapes, including modes fixed at non-boundary points, partially free 
modes, and user supplied vectors. 

The results for both test proble~’ indicate that the inertia relief option 
is recommended for most cases. Ttie number of calculations to obtain these 
shape functions is small relative to the modal calculations* A maximum 
of six extra degrees of freedom per component are added to the system. 

Results from the second test problem indicate that one should not replace 
modal coordinates with the inertia relief components since this will lower 
the effective frequency range. 

The use of the "improved displacement" options in the solution vector re- 
covery orocess appears to be less dramatic in its effectiveness. This option 
will be most effective when the first order vectors ..re reasonably valid and 
accurate stress data are required. 
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TABLE 1. MODE FREQUENCY ERRORS, EW, VERSUS 
bWrRIX ORDER - FREE ROD PROBLEM 
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TABLE 2. EIGENVECTOR RMS ERRORS VERSUS 
MATRIX ORDER - FREE ROD PROBLEM 


MODE 

NO. 


MATRIX ORDER 


1,31-2 3.18-5 3.06-6 6.16-7 1.81-7 1.35-7 2.23-7 

(2.69-2)* (4.70-4) (9.76-5) (3.25-5) (6.97-6) (2.32-6) (6.52-7) 


9.81-3 1.03'3 1.66-5 1.87-5 9.71-6 5.00-6 

(2.78-2) (3.79-3) (1.05-3) (2.01-4) (6.72-5) (1.25-5) 


2.15-2 3.36-3 2.16-4 5.44-5 5.50-5 

(4.30-2) (7.81-3) (1.11-3) (3.27-4) (6.00-5) 


3.19-2 

1.65-3 

2.77-4 

1.11-4 

(5.37-2) 

(4.10-3) 

(1.039-3) 

(1.73-4) 


9.19-3 1.12-3 2.04-4 

(1.51-2) (2.76-3) (4.05-4) 


4.79-2 

4.06-3 

5.46-4 

(6.79-2) 

(8.91-3) 

(8.34-4) 


1.56-2 

9.55-4 


(2.12-2 

(1.62-3) 


6.01-2 2.01-3 

(1,34-2) (3.06-2) 


3.96-3 

(5.96-3) 


9.12-3 

( 1 . 21 - 2 ) 


2.46-2 

(2.93-2) 


7.57-2 

( 8 . 20 - 2 ) 


*( ) without UIMPROVE 





















TABLE 3. .TEST CASE PARAMETEKS 
EOK TilE TWO COMPONENT TRUSS PROBLEMS 


CASE 

NUMBER OR 
MODiVL COORDINATES 

NUMBER OF INERTIA 
RELIEF COORDINATES 

TYPE OF 

COMPONENT NODE 

TOTAL 

EuASTlC 

DOF 

1 

9 

0 

Fvqo 

12 

D 

3 

6 

Free 

12 

■ 

17 

0 

Free 

20 

H 

U 

6 

Free 

20 

5 

9 

0 

Cantilever 

12 

6 

3 

6 

Cantilever 

12 

7 

17 

0 

Cantilever 

20 

8 

11 

6 

Cantilever 

20 


27 

6 

Cantilever 

36 
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TAllLli: PERCENT PREQUENCY ERRORS WITH 12 ELASTIC DEGREES OF FREEDOM 

TWO COMPONENT TRUSS PROBLEM 


ELASTIC 

MODE 

NO. 

NASTRAN CASE 

REF. 

4 RESULTS 

1 

Free 

Modes 

2 

Free 

w/i.R. 

5 

Cant . 
Modes 

6 

Cant. 

w/i.R. 

Free 

w/l.R, 

Hurty 

Cant. 

w/I.R, 

J. 

24.27 

.006 

.011 

.00039 

.006 

.011 

.00067 

2 

3,28 

.021 

.013 

^194_ 

.019 

.013 

.187 

3 

10,41 

.737 

.031 

.737 

.074* 

,031 

.743 


4.51 

,147 

.150 

2,93 

.150 

.155 

2.94 

5 

2.47 

1.82_ 

.197 

10.83 

1.68 

.190 

10.3 

6 

4.50 

6.45 

.184 

17.06 

6.55 

.184 

16.9 

7 

1.00 

16.02 

6.49 


16.8 

7,39 


8 

4.87 


6.44 





9 

0.75 







10 

11 


^\^ndicates freq. of 
first truncated 
mode 





*Suspected typo error 
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TABLE 5. PERCENT FREQUENCY ERRORS WITH 20 ELASTIC DEGREES OF FREEDOM 

TWO COMPONENT TRUSS PROBLEM 



NASTRAN CASE 

REP. 

4 RESUTTS 

bLAb i lU 

MODE 

NO. 

3 

Free 

Modes 

4 

Free 
w/l .R . 

7 

Cant. 

Modes 

8 

Cant . 
w/I.R. 

Free 

w/I.R. 

Hurty 
(Cant . 
Modes) 

Cant . 
w/I.R. 

1 

8,92 

,00034 

.00043 

,00034 

.000017 

.00074 

9x10-5 








-6 

2 

1.21 

.00902 

.0017 

0 

.000061 

.0018 

3x10 

3 

7.67 

.0135 

.0098 

.0061 

.0138 

.0096 

.00584 

4 

1.08 

.00023 

.0096 

.00002 

.00024 

.0092 

.00002 

5 

6.00 

.00083 

.033 

0 

.00081 

.034 

.0014 

6 

0.85 

.0020 

.0098 

.00060 

.0020 

.0103 

.00054 

7 

0.61 

.080 

.947 

.268 

.083 

.941 

.264 

8 

1.58 

.0071 

.122 

.021 

.0068 

.117 

.018 

9 

.084 

.00098 

.59 

.54 

.00093 

.80 

.69 

10 

.030 

.0041 

.36 

.40 

.0045 

.20 

.25 

11 

.90 

.021 

.33 

_.98_ 

,022 

.30 

1.03 

12 

3.30 

.428 

.49 

12.3 

.134 

.28 

11.1 

13 

4.01 

5.35_ 

.16 


5.33 

.14 


14 

.244 

7.87 

.77 


7.15 

.72 


15 

1.10 


2.37 



2.63 


16 

-.59 


12.15 



11.4 


17 

6.69_ 










indicnCes freq. of 






^first ti'uncated mode 
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(a) Basic Definition 




(b) Component Modes (Free) tj> 
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(c) Solution Modes 
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FIGURE 1. EXACT ROD PROBLEM 
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Figure 2. Nine-cell truss basic substructures. 
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ON THE APPEND AND CONTINUE FEATURES IN NASTRAN 
P. R, Pamidi 

Computer Sciences Corporation 
SUMMARY 


This paper describes two very important and useful features available in 
Level 17.0 version of NASTRAN. The first one is the APPEND feature which is 
applicable in the case of real eigenvalue analysis. This feature permits the 
addition of new eigenvalues and eigenvectors to those already computed in a 
previously checkpointed run without re-executing the entire problem. The second 
feature is the CONTINUE feature which is applicable in the case of transient 
analysis of coupled equations. This feature enables the integration of coupled 
equations to be continued beyond the last (or from any earlier intermediate) 
output time for which the solution was obtained in a previously checkpointed 
run (without re-executing the entire problem). The paper illustrates the use 
of these two features by suitable examples. 


INTRODUCTION 


The checkpoint/restart feature available in NASTRAN is a very useful capa- 
bility that permits the restarting of previously checkpointed runs without 
re-executing the entire problem. The modules that need to be executed on re- 
start are determined by the nature of modifications made to the checkpointed 
data by the user upon restart. Depending on these modifications, four types 
of restarts may be identified. These are the Unmodified Restart, Modified 
Restart, Rigid Format Switch and Pseudo Modified Restart. The details of these 
restarts are discussed in Reference 1. It is to be noted, however, that the 
user does not explicitly specify the type of restart. It is implied and auto- 
matically determined by the changes made to the NASTRAN data deck upon restart. 

It is important to note that a restart only determines the modules that 
need to be executed during the current run. A restart does not, in general, 
affect the logic of execution within a given module. There are, however, two 
important exceptions to this. These are the APPEND and CONTINUE features 
available in Level 17.0 version of NASTRAN. Thesa are discussed in detail in 
the following sections. 


THE APPEND FEATURE 


In real eigenvalue analysis, it is frequently necessary to add new eigen- 
values and eigenvectors to those already computed in a previous run. The APPEND 
feature available in Level 17.0 version of NASTRAN makes it possible to do this 
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without re-executing the entire problem. It is available only when using the 
Inverse Power, Determinant and Tridiagonal Reduction (PEER) methods of eigenvalue 
extraction in Rigid Formats 3, 10, 11, 12, 13 and 15 (Displacement approach) and 
in Rigids Formats 10 and 11 (Aeroelastic approach). This feature is particular- 
ly valuable in the case of large order eigenvalue problems. 

In-order to use the APPEND feature, the user first requests a checkpoint 
of an eigenvalue problem employing one of the three above-mentioned methods of 
eigenvalue extraction. This run can terminate for any reason so long as the 
READ (Real Eigenvalue Analysis-Displacement approach) module finds at least 
one eigenvalue and one eigenvector and the LAMA (eigenvalue) and PHIA (eigen- 
vector) files are successfully checkpointed. The READ module also sets the 
parameter NEIGV to be equal to the number of eigenvalues and eigenvectors 
found on this checkpoint run. 

The user then restarts and activates the APPEND feature by changing either 
the METH0D card in the Case Control Deck and/or the EIGR card in the Bulk Data 
Deck so as to force the re-execution of the READ module. The method of eigen- 
value extraction used in the restart need not be the same as that used in the 
checkpoint run, but the structural model and the constraint data must be the 
same. Also, the user must ensure that the range of eigenvalues specified on 
the EIGR Bulk Data card for the restart does not include the eigenvalues that 
have previously been found and checkpointed. It is left to the user to satisfy 
this requirement. The program does not check for this condition. 

The APPEND feature causes the READ module to retrieve the eigenvalues and 
eigenvectors from the previously checkpointed LAMA and PHIA files, respectively, 
(this retrieval is done in subroutine READ? within the READ module; the number 
of eigenvalues and eigenvectors retrieved is indicated by a user information 
message) and to subsequently combine them with the newly computed results. 

This is shown schematically by the flow diagram in Figure 1. The eigenvalues 
and eigenvectors output by the restart include those previously checkpointed. 
Also, the resulting eigenvectors are normalized according to the method of 
normalization specified in the restart. 

In certain cases of restart, the user may not be interested in retrieving 
all the NEIGV eigenvalues and eigenvectors found on a checkpoint run. In such 
cases, the user may retrieve only the first n (n < BEIGV) eigenvalues and eigen- 
vectors from the LAMA and PHIA files, respectively, by resetting the parameter 
NEIGV in the restart to be equal to n (this capability is not available in 
Level 17.0, but will be in Level 17.5.) by means of a PARAM statement just 
before the READ module in the DMAP sequence. This is done by means of a DMAP 
alter in the Executive Control Deck of the restart. 


THE CONTINUE FEATURE 


In transient analysis, it is frequently necessary to continue the integra- 
tion of the coupled equations beyond the last (or from any earlier intermediate) 
output time for which the solution was obtained in a previous run. Thus, the 
initial time for the new run is to be a specified output time of the previous 
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run. Also, the displacements, velocities and accelerations corresponding to the 
specified output time of the previous run are to be used as the initial condi- 
tions for the new run. The CONTINUE feature available in Level 17.0 version of 
NASTRAN makes it possible to do this without re-executing the entire problem. 

It is available In both Rigid Formats 9 and 12 (Displacement approach). This 
feature can be particularly valuable in the case of large order transient analy- 
sis problems involving extended integrations. 

In order to use the CONTINUE feature, the user first requests a checkpoint 
of a coupled transient analysis problem in the normal manner. This run can 
terminate for any reason so long as the TRD (Transient Analysis-Displacement 
approach) module computes the solution for at least one output time and the 
UDVT (displacement-velocity-acceleration) file is successfully checkpointed. 

The T0L (list of output times) file would have been previously checkpointed 
subsequent to the execution of the TRLG (Transient Load Generator) module. 

The TRD module also sets the parameter NC0L to be equal to the number of output 
time steps (which is also equal to one-third the number of columns in the UDVT 
matrix) in the checkpoint run. 

The user then restarts and activates the CONTINUE feature by changing any 
one or more of several cards either in the Case Control Deck (DL0AD, N0NLINEAR, 
TSTEP cards) and/or in the Bulk Data Deck (TSTEP, DAREA, DL0AD, F0RCE, etc.) 
that define either the dynamic loading and/or the time step selection. This 
forces the re-execution of both the TRLG and TRD modules. The dynamic loading 
and/or the time step selection in the restart need not be the same as that used 
in the checkpoint run, but the structural model and the constraint data must 
be the same. 

The CONTINUE feature causes the integration of the coupled equations to 
continue from a specific initial time. For normal restarts (in which the 
checkpointed value of the parameter NC0L is automatically used), this initial 
time is the last output time of the checkpoint run. However, in certain cases, 
the user may wish to restart the integration from an intermediate (rather than 
from the last) output time of the checkpoint run. In such cases, the user 
should reset the parameter NC0L to correspond to the desired intermediate out- 
put time by means of a PARAM statement just before the TRLG module in the DMAP 
sequence. This is done by means of a DMAP alter in the Executive Control Deck 
of the restart. 

The output of the restart does not include the solutions of the checkpoint 
run, but only those solutions that are computed by the restart. Also, any ini- 
tial conditions specified in the restart data are ignored since the solution is 
continued by using the displacements, velocities and accelerations corresponding 
to the specified output time of the checkpoint run as initial conditions for 
the restart. 

The first displacement {u-| } of the restart (or CONTINUEd run) is given by 
[Dl {u-|} = j {P_i + Pg + P.|} + {Nq> + [C] {U|^} + [E] {u_-j> , (1) 
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where the matrices [D], [C] and [E] are given by 


[Dl = (-L. [Ml + -!- [Bl * I [Kli . (2) 

\At^ 2At / 

[C] = [M] - 1 [Klj . (3) 

anJ [El = 1^ [Ml t -L- [B] - 1 [Kll (4) 

and {Pg} = [Kl {u^> + [Bl {u^} + [M] , (5) 

.,2 

{u_^>= {G^} + ^ {U^} , (6) 

{G_^} = {G^} - {U^} At , (7) 

{P.^} = [M] {uy + [Bl {G_i> + [K] {u_^} . (8) 


In the above equations, [Ml, [B] and [Kl are the mass, damping and stiffness 
matrices, respectively; {Up)» (G^} and {11^^} are the displacements, velocities 
and accelerations, respectively, at the specified output time t^ of the check- 
point run, and At is the initial time step for the restart. {P-|} is the load at 
time t = t^ + At and {Ng} is the initial non-linear load. 

The assumptions represented by Equations (6) through (8) introduce errors 
in the restart. These inherent errors may be minimized by selecting the initial 
time step in the restart to be the same as the time step used in the checkpoint 
run dust before the restart. 


EXAMPLES 


In order to illustrate the use of the APPEND and CONTINUE features dis- 
cussed above, two examples were selected. Example 1 is the analysis of the 
transverse vibrations of a 10-cell beam. The finite element model used is 
shown in Figure 2. Example 2 is the transient analysis of a 1000-cell string 
(travelling wave problem). This is the same as NASTRAN Demonstration Problem 
No. 9-2-1 (Reference 2). The finite element model used is shown in Figure 3. 
Both these problems were run on the CDC CYBER computer using a post-Leve'l 17.0 
version of NASTRAN. 


408 



Discussion of Example 1 


All the twenty (20) natural frequencies of the model of Example 1 were 
first computed. These are listed in Table 1 to facilitate comparison with 
subsequent results. In order to illustrate the use of the APPEND feature, a 
checkpoint run was then made using the Inverse Power method and the first eight 
modes were computed, These are presented in Table 2. Using the results of 
this checkpoint run, restarts were then made under various conditions using dif- 
ferent extraction methods. The results obtained are presented in Table 3, As 
can be seen, all these restarts involve the retrieval of the eight modes of the 
checkpoint run of Table 2. 


Discussion of Example 2 


A transient analysis of the model of Example 2 was first made using twenty 
(20) time steps. (All runs for this example were made on Rigid Format 9 using 
time steps of 0.0005 seconds.) The displacements for point 10 are listed in 
Table 4 to facilitate comparison with subsequent results. In order to illus- 
trate the CONTINUE feature, a checkpoint run was then made using only ten (10) 
time steps. The displacements for point 10 obtained in this run are presented 
in Table 5. As can be seen, these results are merely a subset of those in Table 
4. The integration of Table 5 was then CONTINUEd for ten (10) more time steps 
by restarting from the last output time in Table 5 (0.005 second). The results 
are presented in Table 6. In order to illustrate the resetting of the parameter 
NC0L, an additional restart was made by changing the value of NC0L to 6 (from 
its original value of 11) and the integration of Table 5 was CONTINUEd for 
fifteen (15) more time steps. This thus involved starting from an initial time 
of 0.0025 second. The results of this run are shown in Table 7. A comparison 
of the results of Tables 6 and 7 with the corresponding results in Table 4 
reveals the inherent. errors caused by the CONTINUE feature. 


SUMMARY AND CONCLUSIONS 


Two very important and useful features available in Level 17.0 version of 
NASTRAN have been described. The first one is the APPEND feature which is ap- 
plicable in the case of real eigenvalue analysis. This feature permits the 
addition of new eigenvalues and eigenvectors to those already computed in a 
previously checkpointed run without re-executing the entire problem. The 
second feature is the CONTINUE feature which is applicable in the case of tran- 
sient analysis of coupled equations. This enables the integration of coupled 
equations to be continued beyond the last (or from any earlier intermediate) 
output time for which the solution was obtained in a previously checkpointed 
run (without re-executing the entire problem). The use of these two features 
has been illustrated by means of two suitable examples. 
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Table 1. Results for Example 1 
(using Givens method) 


Mode 

no. 

Natural frequency 

m 

V 

1.591560E-02 

2 

6.366679E-02 

3 

l.«3160E-01 

H 

2.550698E-01 

5 

3.99<1578E-01 

6 

5.775000E-01 

7 

7. 9091 6 IE-01 

Q 

1.0'12057E+00 

9 

l,33276<lE+00 

10 

1.766^1895+00 

n 

2.091890E+00 

12 

2.54gg2ic+oo 

13 

3.0B6530E+00 

I'l 

3.712652E+00 

15 

4.440216E+00 

16 

5.273030E+00 

17 

6.187597E+00 

18 

7.09701 3E+00 

19 

7.814544E+00 

20 

8.09B071E+00 


Table. 2. Results of Checkpoint Run of Example 1 
(using Inverse Power method) 


Mode no. 

Natural frequency 

in Table 1 

(Hz) 

1 

1.591560E-02 

2 

6.366879E-02 

3 

1 .433160E-01 

4 

2.550698E-01 

5 

3.994578E-01 

6 

5.775080E-01 

7 

7.909161E-01 

8 

1.042057E+00 

Eigenvalue extraction data 

n = 0.0 Hz 

NE = 8 

F2 = 1.2 Hz 

ND = a 
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TabTe 3. Results of Restart Runs of Exatsipie 1 Using Checkpoint Run of Table 2 


Invars 

e Power method 

Determinant method 

Tridiagonal Reduction 
(PEER) method 

Remarks 

Mode no. 
in Table 1 

Natural frequency 
(Hz) 

Mode no. 
in Table 1 

natural frequency 
(Hz) 

Mode no, 
in Table 1 

Natural frequency 
(Hz) 

1 

1.591560E-02 

1 

1.591560E-02 

1 

1.591560E-02 

* 

2 

6.3B6879E-02 

2 

6-366379E-02 

2 

6.366879E-02 


3 

1.433160E-01 

3 

1.433160E-01 

3 

1.433160E-01 

Results retrieved 

4 

2.550698E-01 

4 

2.550693E-01 

4 

2.550693E-01 

from the 

5 

3.994573E-01 

5 

3.994578E-01 

5 

3.994578E-01 

checkpoint run 

6 

5.775080E-01 

6 

5.775030E-01 

6 

5.775080E-01 

of Table 2 

7 

7.909161E-01 

7 

7.909161E-01 

7 

7.9091 'lE-01 


3 

1.042057E+00 

8 

1 .042057E^^00 

8 

1.042057E+00 


12 

2. 549921 E+00 

10 

1.7664892+00 

9 

1 ,332764l:-H10 


13 

3.086530E+00 

11 

2.091890E+00 

10 

1.766489E+00 


14 

3.712652Et00 

12 

2. 549921 E+00 

11 

2.091890E+00 


15 

4.440216E+00 

13 

3.086530E+00 

12 

2. 549921 E+00 


16 

5.273030E+00 

14 

3.712652E+00 

13 

3.086530E+00 


17 

6.1B7597E+00 

15 

4.44021 6E+00 

14 

3.712652E+00 

Results computed 

18 

7.09701 3E+00 



15 

4.44021 6E+00 

by the 

19 

7.314544E+00 



16 

5.273030E+00 

method selected 





17 

6.187597E+00 






18 

7.09701 3E+00 






19 

7.814544E+00 






20 

3.095071 E+00 


Eigenvalue extraction data 


FI = 3.0 Hz 

00 

II 

n = 2.0 Hz 

KE = 6 

n = 5.0 Hz 

HD = n 


F2 = 9.0 Hz 

!1D = 16 

F2 = 6.0 Hz 

HD = 14 






Tnblo <1. RosiiUs for Exiiinplo S 


ORIGINAL PAn. 

01 '' Pn/IM 

QVAU'l 


IS 

r 


Tliiio 
(soc, ) 

— 
Tima step 
no. 

D1 spin cement 
of rolnt 10 

0.0 

1 

1 .nOOOQOBOO 

0.0005 

2 

1.7979271: too 

0.0010 

3 

1.7B71Q2EH10 

0.0015 

<1 

1. 7553031; rOO 

o.ooao 

5 

1.6906065100 

O.OOKS 

6 

1.5Q99B7CI00 

0.0030 

7 

l.')6‘H97Et-Q0 

0.003G 

0 

1. 33-1831 i:i00 

Q.00<10 

9 

1.2203-125100 

O.OQ'IG 

10 

1 .1 27921 H-t 00 

O.OOGQ 

11 

1 . 0-196391M00 

0.005.5 

12 

D.C'OIG-IGE-Ol 

0,0060 

13 

8.733-1-145-01 

0.0060 

l-l 

7.6QV323F.-01 

0.0070 

15 

6. -1161595-01 

0.0070 

16 

5.3004685-01 

0.0000 

17 

4.3303715-01 

0.0005 

IB 

3.4958745-01 

0.0090 

19 

2.6595415-01 

0.0095 

20 

1.7244135-01 

0.0100 

21 

6.7?Gl«E-02 


Table 5. Results of Cbcckpoipt Rim of Exmiiplo Z 


Time 
(soc. ) 

-V— 

Time step no. 
of Table 4 

Oisplncemont 
of Paint 10 

0.0 

1 

i,aooooo5i-oo 

0,0005 

2 

1.797927E400 

0.0010 

3 

1.7871025+00 

0.0015 

4 

1.7 553035+00 

0.0020 

5 

1. 6906055+00 

0.0075 

6 

1.5899875+00 

0.0030 

7 

1.4644975+00 

0.0035 

8 

1.33-18815+00 

0.004-' 

9 

1,2203425+00 

0.00 

10 

1.1279215+00 

O.OOi 

11 

1 .0496395+00 
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Table 6. Results of Restart Run of Example 2 
Using Checkpoint Run of Table !i 


Time 

(sec.) 

Time step no. 
of Table 4 

Displacement 
of Point 10 

0.0050 

11 

1.049639E+00 

0.0055 

12 

9.644270E-01 

0.0060 

13 

8.6739BGE-01 

0.0065 ■ 

14 

7.575025E-01 

C.0070 

15 

6.432689E-01 

0.0075 

16 

5.357538E-01 

0.0080 

17 

4.405755E-01 

O.OOBG 

18 

3.543471E-01 

0.0090 

19 

2.677839E-01 

0.0095 

20 

1. 72941 3E-01 

0.0100 

21 

6.9242B4E-02 


Table 7. Results of Restart Run of Example 2 Using Checkpoint Run 
of Table 5 and With Parameter NCR Reset to 6 


Time 

(sec.) 

Time step no. 
of Table 4 

Displacement 
of Point 10 

0.0025 

6 

1.5899G7E'tOO 

0.0030 

7 

1.470335E•^00 

0.0035 

8 

1. 344651 E-l-OQ 

0.0040 

9 

1.229273E+0Q 

0.0045 

10 

1.132560E+0Q 

0.0050 

11 

1.049933E-t0Q 

0,0055 

• 12 

9.681 384E-01 

'0.0060 

13 

8.746610E-01 

0.0065 

■14 

7.659208E-01 

0.0070 

15 

6.489350E-01 

0.0C75 

16 

5.357538E-01 

0.0080 

17 

4.349093E-01 

0.0085 

18 

3.459289E-01 

0.0090 

19 

2.605215E-01 

0.0095 

20 

1.692299E-01 

0,0100 

21 

6.859591E-02 
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ORGANIZATION OF DYNAMIC ANALYSIS 


ORIGIN A.X. page® 

OF POOE 




Figure 1. Flow Diagram for the Real Eigenvalue Analysis Module, READ. 
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parameters ; 

Length of each BAR element = ^ = lOOO.O In. (25.4 m) 

Young's modulus » Shear niodulus = 1,0 x 10^ psl (6.B9477 x 10^° 

Hass density = 0,9069604 Ib.-sec^/in.'* (1.05475 x 10^ Kg/m^) 

Area of cross section of each BAR element = 9.869604 1n.“ 

» 6.36747 X 10'^ 

Area moments of inertia « 1.0 x 10® in.^ 

= 0.41623 m'* 


Figure 2. Representation of 10-Cell Beam of Example 1 


416 



.iT niaH'. 




Ug U3 U4 


— i — i — i — ^ T ^ 


“999 “lOOO 


U = Mass/Length 


lOOO-Cell String 


“i-1 








"'i-1 H *"i S‘+l "'i+1 


— O— / 


Finite Element Model 


parameters : 

= ^ = 10^ (stiffness units) for all i 
= uix = 10 (mass units) for all i 
Loadinci : 

The initial displacements are given by; 
u^. = 0.2 (i-1) for 2 i i i 11 

u^. = 0.2 (21-i) for 11 < i < 21 
and 

= 0.0 for i ^ 21 

Figure 3. Representation of lOOO-Cell String of Example 2 
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EXTENSION OF THE TRIDIAGONAT, 
REDUCTION (FEER) METHOD FOR COMPLEX 
EIGENVALUE PROBLEMS IN NASTRAN 
Malcolm Newman* 

Inter-City Testing & Consulting Corp . 
and 

Frederick I. Mann* 

Business and Technological Systems, Inc. 


SUMMARY 


An extension of the Tridiagonal Reduction (FEER) method in Level 17 of 
NASTRAN for complex eigenvalue analysis is described. As in the case of real 
eigenvalue analysis, the eigensolutions closest to a selected point in the 
eigenspectrum are extracted from a reduced, symmetric, tridiagonal eigenmatrix 
whose order is much lower than that of the full-size problem. The reduction 
process is effected automatically, and thus avoids the arbitrary lumping of 
masses and other physical quantities at selected grid points. The statement 
of the algebraic eigenvalue problem admits mass, damping and stiffness 
matrices which are unrestricted in character, i.e., they may be real, symmetric 
or unsymraetric, singular or nonsingular. 

The basic concepts underlying the method are summarized and special 
features, such as the estimation of errors and default modes of operation are 
discussed. In addition, the new user-information and error messages, and 
optional diagnostic output relating to the complex Tridiagonal Reduction method, 
are presented . 

Some numerical results and initial experiences relating to usage in the 
NASTRAN environment are provided, including comparisons with other existing 
NASTRAN methods for complex eigenvalue extraction. 


INTRODUCTION 


The complex Tridiagonal Reduction method is an extension of the FEER 
algorithm (F^ast Eigenvalue Extraction Ro'^tine) for real eigenvalue analysis to 


Formerly with Analytical Mechanics Associates, Inc. 


///P 


419 



complex, algebraic elgenproblem formulations. A specified number of eigen- 
values lying closest to a selected point in the complex plane are sought, as 
well as the associated eigenvectors. As in the case of real eigenvalue 
analysis (ref. 1), these eigensolutlons are extracted from a sytiunetric, tri- 
diagonal eigenmatrlx whose order is much lower than that of the full-size 
problem. In fact, the size of this canonical, reduced matrix is of the same 
order of magnitude as the number of desired roots, even if the discretized 
system model possesses thousands of degrees of freedom. The reduction process 
is carried out via an automatic algorithm requiring a finite number of steps. 
Thus, a basic weakness of methods requiring the lumping of masses and other 
physical quantities at arbitrarily selected degrees of freedom (refs. 2-4) is 
avoided in reducing the problem size. 

With regard to computational speed, the complex Tridiagonal Reduction 
method is somewhat slower than the Hessenberg method (refs. 5 and 6) for 
small problems (on the order of one hundred or less degrees of freedom) , if 
all the existing eigensolutlons are to be calculated. However, it becomes 
more efficient than the Hessenberg method when the number of requested eigen- 
solutions is much less than the full problem size. Moreover, for much larger 
problems, the central memory requirement of the Hessenberg method exceeds the 
capabilities of most large computers, so that it becomes unavailable as a 
solution option. This limitation does not exist in the case of the Tri- 
diagonal Reduction Method . 

The complex Tridiagonal Reduction method employs a single initial shift 
point, and hence only one matrix decomposition is required for each neighbor- 
hood chosen in the complex plane. It therefore is more efficient than the 
complex Inverse Power method, which typically performs many shifts and de- 
compositions for each region selected. In addition, both the complex Inverse 
Power method and the complex Determinant method require that the user supply 
the length and width of rectangular regions in the complex plane, within which 
the eigenvalues are desired, as well as the number of estimated roots in each 
region. This can be burdensome to the user, who usually does not have 
enough advance insight to select these parameters intelligently. An improper 
choice (e.g., a strip too wide, or too small an estimate on the number of 
roots within the strip) can lead to an Inordinately large number of compu- 
tations or failure to extract any roots at all within the allotted machine 
time. These disadvantages are eliminated in the complex PEER method, where 
the user is only required to select points, closest to which a specified 
number of eigensolutlons are desired. 

The theory and computational procedures for complex analysis depart from 
those of real analysis in the following major respects: 

1. Both left and right bi-orthogonal vectors must be created in the 
process of constructing the reduced tridiagonal matrix. 

2. The reduced tridiagonal matrix, while symmetric in form, is, in 
general, complex rather than real, 

3. The calculated theoretical error.? in the cqmputed eigenvalues are 
estimates rather than upper bounds. 
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i\ . EigensolutiouB closest to one or more specified points (sliift points) 
in the complex plane are found. All eigensolutions obtained for 
previous shift points are swept out of the problem to prevent their 
regeneration when dealing with the current shift point. 

AN OVERVIEW OF THE CObQ’LEX TRIDIAGONAL lUiDUCTION METHOD 

A detailed development of the analytical and computational procedures, 
including programming aspects and flow charts can be found in the NASTRAN 
Level 17 Theoretical and Programmer's Manuals. The following is a summary of 
the basic features of the complex Tridiagonal Reduction Scheme. 

The general complex eigenvalue problem is stated in the form 

[Mp“ + Bp + K]{u) =0 , (1) 

where [M] , [B], and [R] may be real, complex, symmetric or unsymmetric, 
singular or non-singular. A specified number of eigenvalues, p , lying 
closest to a specified point, Xq , (called a shift point) in the complex 
plane are to be found, as v>ell as the associated eigenvectors {u} . The 
eigenvalues may include multiplicities. By a suitable transformation, the 
above can be expressed in the standard inverse form, 

[A]{x} = A{x} , (2) 

where [A] is double the size of the stiffness, mass and damping matrices, and 

A 

' o 

In the special case where [B] is null (e.g., no damping), the double-size 
eigenvalue problem can be avoided by considering the mathematical eigenvalues 
to be p- and defining 

A = (4) 

p -A^ 

in equation (2) . 

Since the eigenmatrix, [A] , is, in general, unsymmetric, the eigenvectors, 
{x} , are orthogonal to the eigenvectors, {x}, of the transpose eigenproblem 

[A]’^{x] = A{x} , (5) 

so that for A, ^ A.. , 

{xj}^'{x^} = Oj i?^j . (6) 

The above relationship is a biorthogonality condition and the associated 
eigenvectors, {x. } and {x } , are called right and left eigenvectors, 
respectively. 

A reduction of the order of the eigenvalue problem, equation (2), is 
effected through the transformation 
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(7a) 


= [V] {y} 
nxl nxm saxl 

and 

{x} = tv] {y} 

nxl nxm mxl 

^ A 

where {x} and {x} are approximations of 

n is the order of the unreduced problem, and m t n . The above trans- 
formation matrices are chosen to be biorthonormal, so that 

[Vj'^tV] = [I] . (8) 

From equations (2), (7), and (8), it is seen that 

[H]{y> = A{y} , (9) 

where 

[H] = [V]^[A][V] , (10) 

mxm 

and A is an approximation of the eigenvalue, A , 

Thus, equation (9) is an mth order eigenvalue problem, where m < n . 
The value of m is established according to the criteria given later. 

As in the case of real eigenvalue analysis (ref. 1), the Lanczos 
algorithm is used to construct the transformation matrices vector by 
vector, i.e.. 


’ (7b) 

{x} and {x} , respectively. 


[V] = [{v^}, 
nxm 

{V2} r • 


(11a) 

[V] = [{v^}, 
nxm 



(lib) 


such that the reduced mxm matrix, [K] , is tridiagonal and its eigenvalues 
accurately approximate the roots of equation (2) having the largest 
magnitude (or, equivalently, the physical roots, p , closest to the specified 
point of interest, Xq , in the complex plane) , Using symmetry arguments 
similar to those employed for real eigenvalue analysis, it can be shown 
that the transformed, reduced elgenmatrlx in equation (9) is tridiagonal and 
symmetric , having the form. 
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where the sequence Is initialized by choosing random, biorthononnal starting 
vectors for setting dj^=0;{v^} = {v^}= {o} . 

The final off-diagonal terra, » Siven by equations (13) is used in 

establishing error estimates for the computed eigenvalues, as described below. 
In addition, the above algorithm is modified in the computational scheme as 
follows; 

1. Each pair of vectors calculated in equations 

(13b), is reorthogonalized to all previously computed pairs, 
before re-entering equations (13a) . 

2. The size, m , of the reduced problem is a function of the nun\ber of 
accurate eigenvalues requested by the user and is limited to the num- 
ber of finite physical eigenvalues available. 
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The eigenvalues, K , and eigenvectors, {y} , of equation (9) are ex- 
tracted using the Q-R iteration algorithm and eigenvector computational 
scheme described in connection with the Upper Hessenberg method in NASTRAN 
(ref. 5). They are then converted to physical form. 


CRITERIA FOR THE SIZE OF THE 
REDUCED EIGENVALUE PROBLEM 


The maximum number of finite eigensolutions, including any existing 
rigid body modes, is equal to the rank, r , of the eigenmatrix, [A], in 
equation (2). Thus, for example, massless degrees of freedom, appearing as 
zero diagonal terms in the [M] matrix, will result in singularities (rank 
reduction), which imply infinite physical eigenvalues. These spurious roots 
are swept out of the problem in the complex FEER process, with a consequent 
reduction in the available eigensolutions. 


A further consideration in limiting the maximum problem size is that the 
user has the option of requesting eigensolutions in the neighborhood of 
several shift points (loii^02> • • •) in the complex plane. In the Tri- 
diagonal Reduction method, all eigensolutions, f , obtained for previous 
shift points are swept out of the problem to prevent their re-genera ion when 
dealing with the current shift point. This implies that the maximum possible 
size, m , of the reduced problem is further limited to 


m 

max 


r 


f 


(14) 


On the basis of numerical experiments, similar to those cited in 
reference 1 for real eigenvalue analysi-'*, it has been found that when 
m << m , a first grouping of more than m/2 computed eigenvalues closest 
to the s^iift point are in accurate agreement with the corresponding number 
of exact eigenvalues, provided that 7 < m ^ i%ax • remaining reduced- 

system roots are spread across the remaining exact eigenspectrura. To enhance 
the accuracy of the associated eigenvectors, the minimum problem size is 
further increased to twelve, again assuming that << . 


Thus, if the user requests a total of q eigenvalues closest to a 
specified point in the complex plane, the order of the reduced problem is 
initia]!"' set to 

f =min[(2q+10),(2n-f)]; -B]?t[0] , (15a) 

( =min[ (2q+10) , (n-f) ] ; [B]=[0] . (15b) 


Although the total number of eigensolutions requested should not exceed 
*%ax > there is usually no simple way to discern this upper limit in complex 
eigenvalue problems. However, the reorthogonalization tests are designed to 
automatically establish this upper limit. If the latter tests fail for some 
vector pair > ^^1+1^ ’ this is an indication that a null vector has 
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been generated because mmax linearly independent vectors have already been 
obtained. The recurrence algorithm, equations (13), is then terminated and 
the order of the eigenproblem is further reduced to m = i . 


ERROR ESTIMATES FOR THE 
COMPUTED EIGENVALUES 


Following a development similar to that of reference 1 for real eigen- 
value analysis, it can be shown that 




^m+l^mi ^ 


(16) 


The above shows that the absolute value of the difference between the com- 
puted and true eigenvalue magnitudes is proportional to the magnitude of 
dm+1 (which is the next off-diagonal term that would be generated had the 
reduced tridiagonal matrix, [H] , beer: increased from order m to order 
m+1 ) and yj^j^ , (which is the last term in the reduced-system eigenvector 
associated with A ) . 


Converting equation (16) to physical eigenvalue form, using equations 
(3) and (4), yields, 


^i 


|Pi"^l 


- 1 


^ '^m+l^mi ' 

i^il 


; [B] ^ [0] , 


(17a) 




i 




^ ‘^m+l^mi ^ 

lAj 


[Bl = [0] . 


(17b) 


The use of the above error estimates as criteria for acceptable eigensolutlons 
is as follows: 


(a) If the physical eigenvalue, p^ , corresponds to a zero root (c.g., a 
rigid body mode) , the above computational scheme is invalid and there- 
fore bypassed. Denoting t as the number of digits carried in the 
computations, a zero root is assumed to occur whenever 


RMS 


< ±U 


where 


RMS [|pjl + jp^l + + 


and is denoted by setting the error to zero, 


(18) 

(19) 
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(b) The eigenvalues are listed in order of increasing distance from the shift 
point, Xq , to determine whether their associated estimated errors, , 
meet an acceptable relative error tolerance set by the user on the EIGC 
bulk data card (the default value is O.lO/n, where n is the order of 
the stiffness matrix) . The first eigenvalue not meeting the tolerance 
test, as well as all subsequent eigenvalues further removed from the 
center of interest, are considered to lack sufficient accuracy and are 
therefore discarded. 

(c) Acceptable eigenvalues obtained in the above manner are reordered 
according to the magnitude of the imaginary part, with positive values 
considered as a group ahead of all negative values. 


NASTRAN USER'S INSTRUCTIONS 


Figure 1 shows modifications of the EIGC card in the NASTRAN bulk data 
deck which accommodate user implementation of the Tridiagonal Reduction method 
for complex eigenvalue analysis. The modifications consist of additions to 
the standard user instructions and are underscored for ease in identification. 

When the complex Tridiagonal Reduction method is invoked, the E 
parameter on this card represents the maximum allowable value of the com- 
puted absolute relative error in a physical eigenvalue. If this value is 
exceeded, the associated eigensolutlon Is not accepted for further processing 
by NASTRAN. A detailed list of the maximum relative errors computed by com- 
plex PEER can be obtained by requesting DIAG 12 in the NASTRAN Executive 
Control Deck. 


USER MESSAGES AND OPTIONAL DIAGNOSTICS 


Functional Module User Messages 

The following is a description of the NASTRAN user messages which may 
be generated by NASTRAN during the execution of the Complex Tridiagonal 
Reduction method and which are unique to this method. Explanatory infor- 
mation is provided following the text of each message and, in the case of 
a fatal message, corrective action is indicated. Refer to the NASTRAN 
Users' Manual, Section 6 for a complete listing of other system and user 
messages . 

Fatal messages cause the termination of the execution following the 
printing of the message text. These messages will always appear at the 
end of the NASTRAN output . Warning and information messages will appear at 
various places in the output stream. Such messages convey only warnings or 
information to the user. Consequently, the execution continues in a normal 
manner following the printing of the message text. 
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Message List 


3149 A** USER WARNING MESSAGE 3149, USER SPECIFIED NEIGHE0RU00D CENTERED 

AT 0RIGIN N0T ALL0\ffiD, CENi’ER SHIFTED T0 THE RIGHT .001. 

Point of interest in the complex plane (c(gi,Wal) » closest to 
which the eigenvalues will be computed, was input as (0,0, 0.0) 
on an EIGC bulk data continuation card. Since this is an .in- 
admissible choice, the point automatically used was (.001, 0.0). 

3150 *** USER WARNING MESSAGE 3150, DESIRED NlRfflER 0F EIGENVALUES 

*** INVALID. SET = 1. 

Number of accurate roots desired Ndl , was omitted, input as zero 
or negative on an EIGC bulk data continuation card. The number 
automatically used was 1. 

3151 A** USER WARNING MESSAGE 3151, DYNAMIC MATRIX IS SINGULAR 

(0GCURRENCE ****) IN NEIGHB0RH00D CENTERED AT **** **** 

Point of Interest in the complex plane (cta^,o)ai), closest to 
which the eigenvalues will be computed, was input too close to 
an eigenvalue on an EIGC bulk data continuation card. The point 
is automatically shifted by adding .02 to both the real and 
imaginary parts. If the dynamic matrix is still singular, the 
next neighborhood, if any. Is searched. 

3152 *** user' INP 0RMA ■ i)N MESSAGE 3152, SUBR0UTINE ALLMAT 0UTPUT 

EIGENVALUE is NULL. 

Wien an eigenvalue output from subroutine ALLMAT is exactly zero, 
the formula for computing the associated theoretical error test 
fails. The magnitude of the eigenvalue is considered to be 10~10 
for use in that formula. 

3153 *** USER Wi^RNING MESSAGE 3153, ATTEMPT T0 N0RMALIZE NULL 

VECT0R IN SUBR0UTINE CFEER4. N0 ACTION TAKEN. 

An eigenvector output from subroutine ALLMAT is a zero-vector. 

315A AA* USER WARNING MESSAGE 3154, SIZE 0F REDUCED PR0BLEM 

DECREMENTED 0NCE (N0W ***A) DUE T0 NULL ERR0R ELEMENT. 

If subroutine CFEER4 receives a reduced tridiagonal matrix having 
error element djjj+.i exactly (0,0), it is impossible to compute 
meaningful theoretical error estimates for any of the eigenvalues. 
The size of the reduced problem is reduced by one, so that d^ 
becomes the new error element. 
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3155 *** USER WARNING MESSAGE 3155, REDUCED PR0BLEM HAS VANISHED. 

N0 R00TS F0UND. 

If decrementing the size of Che reduced problem (see message 
315^) causes the size to become zero, the program continues to 
the next neighborhood, if any. 

3156 *** USER WARNING MESSAGE 3156, SIZE 0F REDUCED PR0BLEM 

REST0RED T0 **** BECAUSE NEXT ERR0R ELEMENT WAS ALS0 
NULL. ERH0R ELEMENT SET = **** **** 

This message follows message 3154. If d^ is also exactly zero 
(in addition to d^l being exactly zero), then Che original re- 
duced problem size is restored and dJJ^^.l is set to (e,0) where 
£ = E/lOO and E is the error tolerance on acceptable eigenvalues 
input on Che EIGC bulk data card. 

3157 *** USER WARNING MESSAGE 3157, PEER PR0CESS MAY HAVE 

CivLCULATED FElfliR ACCURATE M0DES **** THAN REQUESTED 
IN THE NEIGHB0RH00D 0F **** **** 

The desired number of eigenvalues specified on the EIGC bulk 
data continuation card exceeds the additional number that can 
be calculated by the Complex Tridiagonal Reduction (Complex 
FEER) method in the current neighborhood . 

3158 *** USER WARNING MESSAGE 3158, N0 ADDITI0NAL M0DES CAN BE 

F0UND BY FEER IN THE NEIGHB0RH00D 0F **** **** 

An initial pseudo-random vector cannot be made orthogonal to 
the existing set of orthogonal vectors (which come from Restart 
and from all prior-neighborhood sets of eigensolutions) . 

3159 *** USER INF0RMATX0N MESSA.GE 3159, ALL S0LUTI0NS HAVE BEEN 

F0UND. 

The FEER method has solved the entire problem. Any additional 
neighborhoods (as specified by the presence of EIGC bulk data 
continuation cards) are Ignored. 

3160 A** USER INF0RMATION MESSAGE 3160, MINIMUM 0PEN C0RE N0T 

USED BY FEER **** W0RDS (***A K BYTES) . 

This message indicatet; the amount of open core, in both bytes 
and words, not used by FEER. 

3161 *** USER WARNING MESSAGE 3161, DESIRED NUMBER 0F EIGENS0LU- 

TI0NS **** F0R NEIGHB0RH00D **** **** CENTERED AT 

AAA* EXCEEDS THE EXISTING NUMBER ALL EIGENS0LU- 

TI0NS WILL BE S0UGHT., 
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The desired niuuber of eigenvalues specified on the EIGC bulk data 
continuation cord exceeds the size of the eigenmatrix, which is 
the maximum possible number of existing eigenvalues. 

3162 *** USER WARNING MESSAGE 3162, ATTEm' T0 N0RMALIZE NULL 

VECT0R. N0 ACTI0N TAKEN. 

The general vector normalization routine (CFN0R1 or CEN0R2) has 
a zero-vector input to it. 

3163 A** USER WARNING MESSAGE 3163, ALL **** S0LUTI0NS HAVE FAILED 

ACCURACY TEST. N0 R00TS F0UND. 

The number of eigensolutions passing the relative error test is 
zero. The maximum allowable error for the relative error test 
is specified in field 7 of the EIGC bulk data card, A detailed 
list of the computed error bounds could have been obtained by 
requesting DIAG 12 in the Executive Control Deck. 

316/, USER rNF0R>LfiTI0N MESSAGE 3164, ALL **** S0LUTIONS ARE 

ACCEPTABLE . 

All the eigensolutions obtained in the reduced problem correspond- 
ing to the point of Interest pass the relative error test. The 
maximum allowable error for the relative error test is specified 
in field 7 of the EIGC bulk data card, A detailed list of the 
computed error estimates could have been obtained by requesting 
DIAG 12 in the Executive Control Deck. 

3165 *** USER INF0RMAT10N MESSAGE 3165, **** S0LUTI0NS HAVE BEEN 

ACCEPTED AND **** S0LUTI0NS HAVE BEEN REJECTED. 

Some eigensolutions passed the relative error test and some 
did not. 

3166 USER INF0RMATI0N MESSAGE 3166, **** M0RE ACCURATE EIGEN- 

S0LUTI0NS THAN THE **** REQUESTED HAVE BEEN F0UND F0R 
NEIGHB0RH00D **** 0F **** CENTEIUJD AT **** USE DIAG 

12 T0 DETERMINE ERR0R ESTIMATES. 

The number of eigensolutions passing the relative error test is 
greater than the number requested on the corresponding EIGC bulk 
data continuation card. The maximum allowable error for the 
relative error test is specified in field 7 of the EIGC bulk 
data card, A detailed list of the computed error estimates 
could have been obtained by requesting DIAG 12 in the Executive 
Control Deck. 
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The Elijenvalue Summary Table 

The following summary of the eigenvalue analysis performed, using the 
complex Tridiagonal Reduction (PEER) method, is automatically printed: 

1. Nuniber of eigenvalues extracted. 

2. Number of starting points used. 

This corresponds to the total number of random starting and restart 
vectors used by the complex PEER process for all neighborhoods. 

3. Number of starting point moves. 

Not used in PEER (set equal to zero) . 

4. Number of triangular decompositions. 

Always equal to the number of poin'. a of interest (neighborhoods) 
in the complex plane processed by PEER, since ordinarily only 
one triangular decomposition is required by PEER for each point of 
interest, unless the dynamic matrix is singular at a given point 
of interest, in which case an additional decomposition is required 
(obtained by moving the point of interest slightly) . 

5. Total nuiiiber of vector iterations. 

The total number of reorthogonalizations of all the trial vectors 
employed . 

6. Reason for termination. 

(0) All, or more solucions than the number requested by the user, 
have been determined (normal termination) . 

(1) All neighborhoods have been processed, but PEER has not obtained 
the desired number of roots in each neighborhood, possibly be- 
cause they have already been found in other neighborhoods. 

(2) Abnormal termination - either no roots found or none pass the 
PEER error test. 


Optional Diagnostic Output 

The user can obtain special detailed information relating to the 
generation of the reduced problem size, the elements of the reduced tri- 
diagonal matrix, vector reorthogonallzation iterations, computed error 
estimates, order of eigenvalue extraction, and distance of extracted 
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eigenvalae from the center of interest by requesting DIAG 12 in the NASTRAN 
executive control deck. 


The meaning of this infoimiation is explained below in the order in which 
it appears in the DIAG 12 output. 

(past eigenvalue EXTRACTI0N ROUTINE)**** 

This header is always print.-.d first. 
aa-aasiNGLE RRECISI0N W0RDS 0F 0PEN C0RE N0T USED (SUBR0UT1NE XXXX) 

AAAA - Open core not used by subroutine XXXX, in single-precision words. 

XXXX - Either CFCNTL, CFEER3, or CFEER4 . This message appears 
three times . 

CFCNTL ACCURACY CRITERION * (INPUT VALUE**) 

* - Accuracy criterion, used for rejecting eigensolutions (expressed 

as a percentage) . 

AA Value of accuracy criterion input by the user on the EIGC bulk 

data card. 


CFCNTL NEICHB0RH00D * CENTER = ** ** N0.DES.RTS. = *** N0NSYM =■ **** 

* - Positive integer indicating which neighborhood, or center of 

interest, is currently being processed, 

AA AA _ Center of interest in the complex plane, 

AAA _ Number of desired roots for the current neighborhood, input by 
the user on the corresponding EIGC bulk data continuation card. 

AAAA _ Indicator which, when nonzero, forces the program to consider 
the matrices as non-synuuetric , even though they may actually 
be symmetric. This is input by the user in field 7 of each 
EIGC bulk data continuation card. This input was used during 
program checkout of the complex PEER process, and it should 
have no affect on the solution. However, the user should leave 
field 7 blank on each EIGC continuation card. 


RE0RTT10G0NAL1ZATI0N ITEMTI0N * TARGET VALUE = AA 
ERRORS = AAA AAA AAA AAA 

A - The reortbogonallzation iteration-number. This message will 
appear many times, as the FEER process "cleans up" each trial 
vector by forcing it to be as orthogonal as possible to the set 
of vectors already computed. 

A A - Convergence tolerance, such that the errors must be smaller than 

this value. In order to avoid taking square roots, the tolerance 
and errors are all squared . 

AAA AAA AAA AAA _ Fouv reor thogonaliza tion errors, the first two of 

which correspond to the orthogonality of the current right and 
left handed trial vectors, respectively, with respect to all 
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previously computed vectors in the current neighborhood, and the 
latter two of which correspond to the orthogonality of the same 
vectors with respect to all eigenvectors previously computed 
(restart and prior neighborhoods) . 

REDUCED TRIDIAG(iNAL MATRIX ELEMENTS R0W * 

0FF diagonal » ** ** 

DIAGONAL = *** *** 

* - The row number of the (reduced) tridiagonal matrix. 

** ** _ Value of the off-diagonal element for that row. 

A** _ Value of the diagonal element for that row. 

Following the printing of several lines containing reorthogonalization 
information and reduced tridiagonal matrix elements, when the PEER process 
has finished its computations for the current point of interest, the header 
(see above) is printed once again, followed by a table which summarizes all 
the eigensolutlons found by PEER. This table has seven columns, as follows: 

(1) Solution number. This is simply a positive integer 1,2,3,... 

(2) Order of extraction. These numbers indicate the order in which 
the tridiagonal matrix was constructed, 

(3) Distance from center. This is the distance from the extracted 
eigenvalue to the neighborhood center (which is printed above 
the table) in the complex plane. The tabular values are sorted 
according to increasing distance from the center. 

(4) Real part of the extracted eigenvalue. 

(5) Imaginary part of the extracted eigenvalue. 

(6) Theoretical error estimate. This value must be smaller than the 
Accuracy Criterion (see above) for the eigensolution to be 
acceptable . 

(7) Status. A single word, "accept" or "reject", to indicate the 
result of the accuracy test. A minus sign (-) is added to 
"reject" so that the eye can more rapidly distinguish between 
the two words . 

Finally, this table is printed a second time, but with the rejected 
eigensolutions deleted. 

For very small problems, there is a Very Detailed Printout (VDP) option. 
This option was originally used to debug the complex PEER logic, and is no 
longer required. DIAG 12 must be specified in the executive control deck to 
invoke the VDP option, and furthermore, field 6 of a given EIGC bulk data 
continuation card must have a (floating point) value equal to or greater than 
the size of the stiffness matrix. Thus, field 6 of each EIGC continuation 
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card should ordinarily be left blank, so that the VDP option will be 
suppressed. The actual printed output of this option consists of all 
vectors for each step of the complex PEER process, v^hich is too extensive and 
detailed for normal user purposes, 

NUMERICAL RESULTS AND GObO?ARISON WITH 
EXISTING NASTRAN EIGENVALUE METHODS 

Test Problem 

During the developmental stages of the complex Tridiagonal Reduction 
method, a simple three degree of freedom model consisting of the rod and 
dashpot system shown in figure 2, was employed for experimental and check- 
out purposes. The eigenvalues of this system consist of one complex- 
conjugate pair, one pure imaginary and three zero roots., the latter 
corresponding to rigid-body modes, 

A comparison of the performance of the complex Tridiagonal Reduction 
method, the complex Determinant method and the complex Inverse Power method, 
is sunrmariaed for this example In table I, In run 1, all six eigensolutions 
were successfully found using complex PEER and a single shift point in the 
second cjuadrant of the complex plane; only one triangular decomposition of 
the dynamic matrix was required. In run 2, using the complex D eterminant 
method, 29 triangular decompositions were performed and only two, non-zero, 
eigenvalues were found, in spite of the fact that multiple search regions 
were used, including one region encompassing the origin. The reason given 
for teimiination in the eigenvalue summary table was that ’’all predictions 
for eigenvalues are outside the regions specified", even though this was 
not the case. 

Runs 3-5 were with the complex Inverse Power method, which did not fare 
too well in this exercise. A large number of iterations were perfomned, re- 
sulting in relatively high CPU and I/O times. In addition, the first run 
yielded only two roots and the remaining two, none at a' , even though 
the search regions selected, while differing from run to run, encompassed 
the kno^^i eigenvalues . 

All the above runs, and those reported below, were performed on the 
NASA/GSFC IBM 360/95 computer. 


Tidal Frequencies and Modes in Closed, Shallow Basins 

Cot current with the complex PEER development, an independent study was 
conducted (ref. 7) to estimate the tidal frequencies and mode shapes in two 
of the Great Lakes, namely. Lake Erie and Lake Superior. It was decided to 
use a finite-element displacement formulation and the complex eigenvalue 
extraction capabilities in NASTRAN for this purpose. The mathematical model- 
ing was based on the following assumptions: 

(a) Negligible convective accelerations and other nonlinear effects. 
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(b) Inviscld, incompressible flow. 

(c) Negligible vertical velocity compared to lateral velocities. 

(d) The Boussinesq hypoUheala of hydrostatic pressure variations. 

(e) Sufficient shallowness to permit integration-averaging through 
the depth. 


As a consequence of the above simplifications, the Navier-Stokes equations 
reduce to the two-dimensional form. 



^ + g its. _ = Q 

at ^ 3x ^ 

(20a) 


^ + g ^ + fu = 0 

(20b) 


If- + ~ (hu) + ^ (hv) = 0 , 

(20c) 

where 



u,v 

? 

h 

f 

g 

= integrated average velocities in the x and y (horizontal) 
directions 

= local water height, measured from the mean surface 
=* local depth of water, measured from the mean surface 
= the Coriolis parameter, Z0,8in^ , with (ji the latitude, and 
n the earth's rotational rate 
= acceleration due to gravity. 


Using the Galerkin method, a finite element representation of the above 
equations was developed, in which the nodal variables are u , v and C • 

A data-generator code was then written, which generated DMIG card images for 
use as NAS TRAN input . 

The two lakes are shown in figures 3 and 4 and their finite-element 
meshes are given in figures 5 and 6. The mesh of Lake Erie contains 81 nodes 
and 204 unconstrained degrees of freedom, while the representation of Lake 
Superior involves 124 nodes and 299 unconstrained degrees of freedom. These 
selections were based on numerical convergence studies with successively 
finer meshes, and represent the fineness needed to obtain two or three 
accurate modes . 

In the early stages of the study, the complex Inverse Power method was 
used, but had to be abandoned because of inconsistencies in the results; 
the roots obtained seemed to depend on the search region selected and false 
roots were almost always calculated very close to the starting point in the 
region. A tightening of the convergence criterion "E" on the EIGC bulk data 
card was attempted, but this did not resolve the difficulties. 
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Some limited success was achieved using the complex Doi.enni- . .t method, 
but here again, difficulties were encountered. Unless the search region 
could be rather carefully and precisely defined, the chances of finding roots 
was somewhat remote. The method is apparently quite sensitive in its search 
pattern, and does not home-in on a root if there is an extensive search area 
to work on. 

At some point approximately mid-way in the study the complex PEER 
capability was completed and integrated into NASTRAN, whereupon it was 
applied to the tidal mode problem for the lakes. The results obtained were 
consistently good. To check their accuracy, changes were made in the shift 
points, mathematical scaling and the number of requested eigensolutions 
(i.o., the truncated size of the problem). These variations had only a 
negligible effect on the calculated frequencies and mode shapes. 

Some timing results for Lake Erie, using complex PEER and the Determinant 
method are given in table II. As noted above, tlie Determinant method was 
viable only if the search regions were made very small, implying that the 
locations of the roots were rather well kno\im In advance. 

The Upper Hessenberg method could not be uijed for these models, since 
the maximum region available on the IBM 360/95 was 900K, which would only 
permit a 43 node mesh with this nietliod. 


CONCLUDING REMAPHS 


Initial experiences with the complex Tridiagcnal Reduction (PEER) 
method indicate Chat it is very effective in extracting .my desired number 
of accurate complex eigensolutions in the neighborhood of a selected shift 
point on the complex plane. The method automaCicalJ y computes complex 
roots at increasing distances from the selected point until the requisite 
number, specified by Che user, is obtained. In this respect, a disad- 
vantage of the complex Determinant and complex Inverse Power methods, 
namely, a very careful delineation of search regions, is eliminated. In Che 
case of multiple shift points, it has been found that complex PEER success- 
fully sweeps-out eigensolutions obtained for previous shift points and 
prevents their regeneration when dealing with the current shift point. 

Since the mathematical properties and characteristics of complex 
eigenvalue problems are very broad and varied, it should be recognized that 
the results reported herein with regard to computational efficiency and 
timing, are only indicative of a small class of problems. A fuller assess- 
ment of the capabilities of this new method can only be obtained following 
extensive application experiences within the user community. 
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TABLE 1. COMPARISON OF EIGENVALUE METHODS 
FOR ROD-AND-DASHFOT TEST PROBLEM 


Run 

Mechod 


mBM 

Region 

(K) 

Comments 

1 

Complex 

PEER 

t 

0.151 

2.262 

300 

! 

Eigensolutions Found; All 6 
No. of Triangular Decompositions: 1 
Search Regions: One point in 2nd 

quadrant of complex plane 
Reason for Termination; All solutions 
found . 

2 

1 

Complex 

Determinant 

0.174 

2.858 

320 

Eigensolutions Found: 2 (3 rigid body 
modes at origin missed) 

No. of Triangular Decompositions: 29 
Search Regions: 3, around knomi roots, 
including origin 

Reason Given for Termination: All 
predictions are outside regions 
specified 

3 

Complex 1 
Inverse 
Power 

0.271 

1 

8.997 

320 

Eigensolutions Found: 2 (3 rigid 
body modes missed) 

No. of Triangular Decompositions: 1 
in last search region 
Search Regions: 3, around known 
roots, including origin 
Reason Given for Termination: Number 
of desired roots have been found 

h 

i 

Complex 

Inverse 

Power 

! 

0.238 

j 

1 

4.100 

320 

Eigensolutions Found: None 

No. of Triangular Decompositions: 4 
in last search region 
Search Regions: 1, encompassing all 
5 existing roots on and above real 
axis 

Reason Given for Termination: Four 
starting point moves while track- 
ing a single root 

5 

Complex 

Inverse 

Power 

0.149 

1.566 

320 

Eigensolutions Found; None 
No, of Triangular Decompositions: 2 
Search Regions; Around origin, in 
attempt to find rigid-body modes 
Reason Given for Termination: Two- 

successive singularities found 
while performing triangular 
decomposition 
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TWJLE II. TIMING RESULTS FOR LAKE ERIE TIDAL MODE 
CALCULATIONS - 81 NODE MODEL 


Run 

Method 


Bn 

■H 

Comments 

1 — 

1 

1 

Complex 

FEER 

1 

I 2.164 

1 

5.886 

700 

6 accurate modes requested 
4 obtained 

2 

2,425 

8.593 

350 

15 accurate modes requested 
12 obtained 

3 


7.576 

1 

27.751* 

! 

560 

50 accurate modes requested 
54 obtained 

i* 

Complex 

6.572 

8,618 

700 

3 modes obtained; insufficient time 
for more 

5 

Determinant 

5.315* 

7.489 

700 

6 modes obtained; insufficient time 
for more 


*Lsss time used due to a more careful choice of the search region. 
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OKIGINAL PAGE IS 
OP POOR QUAUTYi 


BULK DATA DECK 


Input Data Card EIGC Complex Eigenvalue Extraction Data 
Description ; Defines data needed to perform complex eigenvalue analysis 


w 



Format and Example ; 


1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

EIGC 

SID 

methssd 

N0RM 

G 

C 

E 



1 +abc 

EIGC 

I 14 

DET 

PdlNT 

27 


00 

1 

t — 1 




ABC 


+abc 

a T 

al 

W , 
al 

’^bl 

^l 

£ 1 

^1 

\l 

"'dl 


+def 

+BC 

2.0 

5.6 

2.0 

-3.4 

2.0 

4 

4 


DEF 


+def 

^^a2 

— 



^2 

*^e2 

11^91 

BS 


+EF 

-5.5 

■S9I 



1.5 

6 

HDH 

HAHI 



(etc . ) 


Figure 1. Modifications to the EIGC bulk data card for the Tridiagonal 

Reduction Method. 
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Field 


Contents 


SID 

METHOD 


N0RM 


G 

C 


E 


‘“aj- “ajM 
'“bj- “bjM 


Set identification number (unique integer > 0) 

Method of complex eigenvalue extraction, one of the BCD values, 
"INV', "DET", "HESS” or " FEER" 

INV - Inverse power method 

DET - Determinant method 

HESS - Upper Hessenberg method 

FEER - T ridiagonal Reduction Method 

Method for normalizing eigenvectors, one of the BCD values 
"MAX” or "P0INT" 

MAX - Normalize to a unit value for the real part and a 
zero value for the imaginary part, the component 
having the largest magnitude 

P0INT - Normalize to a unit value for the real part and a 

zero value for the Imaginary part the component de- 
fined in fields 5 and 6 - defaults to "MAX” if the 
magnitude of the defined component is zero. 

Grid or scalar point identification number (Required if and 
only if N0RM=P0INT) (lnteger>0) 

Component number (Required if and only if N0RM=”P0INT" and G 
is a geometric grid point) (O^^integer^b) 

Convergence criterion (optional) (Real^O . 0) 

F or method = "FEER", error-tolerance on acceptable eigenvalues 
in percent (default value is .IQ/n, where n is the order of 
the stiffness matrix) 


Two complex points defining a line in the complex plane (Real) 
For method = "FEER" , (a^j,_jj^j) is a point of interest in the 
complex p lane, closest to which the eigenvalues are computed ; 

I . I + I ■ I > 0 . The point is ignored . 


1. 

J 


Width of region in complex plane (Real>0.0) 
Blank for method = "FEER" . 



Estimated number of roots in each region (lnteger>0) 
Ignored for method = "FEER" . 


Figure 1 . Continued 
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Desired number of roots in each region (Default is 3Ngj) 
(lnteger>0) Desired number of accurate roots for method ~ 
"FEER" (Default is 1) . 


R^'inarks ; 

1. Each continuation card defines a rectangular search region. For 
me thod = "FEER*', the card defines a circular search region, centered 
^ (o(aj > Waj) and of sufficient radius to encompass Njj roots . 

Any number of regions may be usea and they may overlap. Roots in 
overlapping regions will not be extracted more than once. 

2. Complex eigenvalue extraction data seta must be selected in the Case 
Control Deck (CMETH0D=SID) to be used by NASTRAN. 

3. The units of a, w and S, are radians per unit time. 

4. At least one continuation card is required. 

5. For the determinant method with no damping matrix, complex conjugates 
of the roots found are not printed. 

6. See Section 10.4.4.5 of the Theoretical Manual for a discussion of 
convergence criteria. 

7. For the Upper Hessenberg method, controls t! .ber of vectors 

computed. Only one continuation card is considered and the (a, u)) 
pairs, along with the parameters and , are ignored. In- 

suffi'cient storage for HESS will cause the program to switch to INV. 

8 . The error tolerance, E , for the "FEER” method is with regard to 


hl-fagl- “ai> 


- 1 


for [B] [0] and 




for [B] = [0] 


where p^ is a computed eigenvalue and p^ an exact eigenvalue. 


Figure 1 . Concluded . 
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DASHPOT 


DASHPOT 


C=4(10) 



Figure Z. 


Test Problem — Rod and Dashpots with 3 Degrees of Freedom 




Figure 3, Illustration of Lake Erie and the adjacent geography. 
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Figure 6. 


124 aode finite element model for Latte Superior. 


